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ABSTRACT

Hybrid renewable systems represent a very reliable and economical solution to the
energy supply problem for stand-alone applications. The purpose of this thesis is to
analyze the relationship between the size of such systems and the amount of renewable
resources available to them. Moreover, the results will identify which components of the
system have a greater energy contribution as the amount of resources change.
The optimum size of a stand-alone hybrid renewable energy system was investigated
over the possible ranges of insolation and wind speed in the United States. This system
includes an array of photovoltaic (PV) panels, a set of wind turbines, an AC diesel
generator, a bank of lead-acid batteries and an inverter. In order to evaluate the
performance of this system, an AC electricity demand ranging from 10 to 100 kW peak
power demand was modeled. This range was selected to describe the energy needs of
most residential communities, businesses and small industrial applications. The system
was optimized in HOMER by finding its minimum lifecycle cost for every combination
of insolation, wind speed and peak electricity demand values.

vii

The first results served as a validation of the expected outcome; an increase in either
insolation or wind speed translated into a larger amount of energy produced by the PV
array or the wind park, respectively. However, the increase in solar energy is achieved
through an increase of the PV array size, whereas the increase in wind energy is
accomplished using less wind turbines. The reason is that the power produced by the PV
panels has a nearly proportional dependence on the amount of insolation striking them
and thus, more PV panels are required to produce a larger amount of energy as insolation
increases. On the other hand, the power produced by the wind turbines is directly
proportional to the cube of the wind speed. This explains why as the wind speed
increases, a smaller number of wind turbines will produce a larger amount of energy.
Another important result was derived by evaluating the system under very high or
very low renewable resources. When very low insolation and wind speed values are
available, the contribution of PV panels is greater than that of wind turbines. Conversely,
with very high insolation and wind speed values, the main contribution to the system is
provided by the wind turbines. The reason is that below 3.5 – 4 m/s wind speed, turbines
will not typically start moving, and the only active renewable components of the system
are the solar panels. With high insolation and wind speed values, the first results showed
an increased performance of the wind turbines versus the PV panels.
The results for the lowest insolation and wind speed values also showed that neither
PV panels nor wind turbines are capable of producing a great amount of energy. A small
inverter size revealed that most of the energy was delivered in AC by the diesel
generator, which works as the main source of energy for the system. The diesel generator
produces electricity only when demanded by the loads. Therefore, when the generator is
being used extensively, very little energy needs to be stored in the batteries for a later use.
This explains the small size of the battery bank in the optimum system. Under very high
insolation and wind speed values, wind turbines have a bigger contribution than PV
panels in the optimum system. In fact, since wind is available during the most part of the
day, more energy is readily available and a large diesel generator is not required to cover
peaks in the electricity demand. In this case, the diesel generator acts as a back-up source
of energy for the system.
viii

Finally, an estimate of the optimal lifecycle and initial costs of system was provided.
It was observed that as the amount of insolation and wind speed increases, both costs
decrease following an almost linear trend for most of the cases.

Keywords: Hybrid renewable energy systems; Optimum system size; Stand-alone system;
Renewable resources dependency; Lifecycle cost; Initial cost.
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1.

INTRODUCTION
According to Paul Davidson [1], there were around 180,000 families living off-

grid in the United States as of April 2006. This number may not seem alarmingly high,
but the author also reported that a 33% yearly increase was observed during the last
decade. Assuming the same growth rate, there would be more than half a million
households living off-grid as of 2010 in the United States. The switch to an off-grid
lifestyle can be explained by several reasons including environmental, political and/or
financial as the predominant ones. While the residential sector only represents about ¼ of
the overall energy consumption in the United States, the commercial and industrial
sectors are also susceptible of benefiting from an off-grid energy system. This fact calls
for the design of efficient and economic off-grid energy systems. A relatively new
approach to this problem is the use of hybrid renewable systems, a system combining two
or more energy generation systems. The characteristics of such systems and their
optimum configuration represent the focus of this thesis.

1.1.

THE NEED FOR HYBRID RENEWABLE SYSTEMS
General principle of holism:
“The whole is more than the sum of its parts” (Aristotle, “Metaphysics”)

The traditional approach to the energy supply in stand-alone systems using
renewable sources of energy is the use of solar photovoltaic (PV) panels. An array of PV
panels is used to collect and/or store the energy from the sun during the day time. When
the solar installation is connected to the utility grid, peaks in electricity demand can be
covered by using grid electricity. For an off-grid system, however, peaks in electricity
demand need to be covered by the batteries and thus, the battery bank needs to be
oversized, which increases the system cost significantly.
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Other popular alternatives are wind turbines or fuel generators. Most wind
turbines will not start generating electricity until the wind speed reaches a minimum
value (usually around 3 – 5 m/s). Moreover, wind is quite variable and does not always
blow with the same intensity. Therefore, they share the same problem with solar panels:
wind turbines need an additional energy storage system. Fuel generators represent an
economical alternative for stand-alone systems with a low to medium usage. When these
systems are expected to be used in a regular basis, i.e. as the main source of energy, the
operating costs increase significantly due to the cost of the fuels. In this case, the
economical viability of installing a fuel generator needs to be further studied by
predicting the future price of the fuel over the expected lifetime of the project.
In most part of the United States, the wind is stronger during the night time than
during the day time, whereas the solar insolation reaches its peak in the middle of the day
and it is inexistent at night. Furthermore, wind speeds are usually a bit higher during the
winter and lower during the summer, just the opposite to the solar insolation. Therefore,
because the peak operating times for PV panels and wind turbine systems occur at
different times of the day and year, a PV/wind hybrid system represents a more reliable
and economic alternative option than systems with only one of these renewable energy
systems.
A hybrid energy system combines two or more energy conversion technologies,
or two or more fuels for the same device. An example of a hybrid system consisting of
solar photovoltaic panels, wind turbines, a diesel generator and batteries is shown in
Fig. 1.1.

2

Figure 1.1

Diagram of a hybrid energy system consisting of solar PV panels, wind turbines,
a diesel generator and batteries.

Compared to renewable energy systems consisting only of solar PV panels or wind
turbines, hybrid systems provide enhanced advantages such as:
1) Flexibility: the peak operating times for solar panels and wind turbines are
combined for a greater balance in energy supply.
2) Efficiency: the system is designed to maximize its overall performance. If the
efficiency of one system decreases, the efficiency of another system would
typically increase. For example, low solar radiation at night would decrease the
efficiency of solar panels, but since a high wind speed is expected at night, the
efficiency of the wind turbines would increase due to higher wind speeds.
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3) High reliability: the quality and availability of energy is achieved through the use
of redundant technologies.
4) Lower emissions: since the use of renewable sources is prioritized over fossil
fuels.
5) Economics: lower system costs over the entire lifetime of the project, called the
Net Present Cost (NPC).
6) Entrepreneurial: hybrid systems represent outstanding entry market strategies for
emerging technologies that cannot compete with the traditional low-cost options.

1.2.

PROJECT STATEMENT
The goal of this work is to evaluate the dependencies of the optimal size of a

hybrid system on the electricity demands and the amount of renewable resources in the
United States. An AC electricity demand was modeled to meet the energy requirements
of most residential, commercial and industrial applications. For practical purposes, the
insolation range was divided in 0.5 kWh/m2/day increments, and the wind speed range
was divided in 1 m/s increments. For different values of the electricity demand, the
system will be optimized over the range of insolation and wind speed values in the
United States. This will allow studying how the optimal configuration of the hybrid
system changes with the amount of renewable resources. Moreover, in the case of a
change in the electricity demand, this study will predict the configuration of the new
optimal system.
Due to the high availability of sun and wind, and the popularity of solar panels
and wind turbines, these are the two only renewable technologies that would be
considered in this study. Therefore, each location would be characterized by its average
annual amount of insolation and wind speed intensity. In most part of the United States,
the value of the average annual amount of insolation ranges between 4.5 and 6.5
kWh/m2/day whereas the average annual wind speed ranges between 4 and 8 m/s [2]
Additionally, this system will be provided with a bank of lead-acid batteries
and/or a diesel generator for the times when neither the wind turbines nor the solar panels
4

can cover the electricity demand. Adding a diesel generator increases the complexity of
the system because it is highly desirable to operate it close to their nominal capacity.
Otherwise the generator would not burn the fuel efficiently and some unburned residue
will remain in the combustion chamber, thus reducing its lifetime. Furthermore, the diesel
generator can be used to provide power and simultaneously recharge the batteries when
these are running low. To deal with the complexity, modern electronic controllers are
used that can operate the system automatically. Most commercial diesel generators
include these electronic controllers.
The electricity demand will be modeled in this project as an AC load since most
small/medium systems and appliances run in AC. The range of electricity demands
studied in this work was chosen to be 10 – 100 kW to account for the electricity needs of
small residential communities, most businesses and commercial establishments, and
small industry. Four specific electricity demands were considered in this work, 10, 20, 50
and 100 kW. Since the power generated by the PV panels and the wind turbines
considered in this work is in DC, an inverter needs to be added to the system. An inverter
converts DC power into AC power and thus, serves as a connector between the DC and
AC buses of the system, as shown in Fig. 1.1.
In summary, the hybrid energy system studied in this work consists of a
combination of photovoltaic panels, wind turbines and/or a diesel AC generator as the
sources of energy, a bank of lead-acid batteries as energy storage systems, and a DC to
AC. This study was performed in three different steps.
The first step was to find the optimum size of the hybrid system, defined in this
project as the optimum number of components and their size that minimizes the net
present value, NPV, of the project. The NPV represents the overall system costs such as
installation, components replacement and operation & maintenance over its entire life
cycle. For each combination of annual insolation, annual wind speed and peak electricity
demand values, the system was optimized using the program HOMER [3]. This software
was developed by the National Renewable Energy Laboratory (NREL).
The total number of optimized systems is given by the number of combinations:
5

Nr. of combinations = (5 insolation values) x (5 wind speed values) x (4 electricity
demands) = 100
Thus, the optimum PV array size, number of wind turbines, diesel generator size and
number of batteries was obtained for each of these combinations.
The second step was to analyze the dependencies of the optimum system size with
varying values of insolation, wind speed and peak electricity demand. This was done by
keeping fixed one of these input parameters at a time and studying the effects of the other
two parameters on the optimum system size.
Finally, an estimate of the initial costs and the life cycle costs over the entire
project lifetime were provided and evaluated to analyze their relationship with the
optimal system size.

1.3.

READER’S GUIDE
Chapter 2 describes the energy resources used by the hybrid system studied in this

work. The main concepts pertaining the solar, wind and diesel fuel resources are
described to a big extent. Different methods for examining the availability of these
resources are also provided.
The description of the main components of the hybrid renewable system considered
in this work is given in Chapter 3. For each of these components, the physical concepts
governing their working principles are covered in detail. Finally, different optimization
methods for each of these individual systems are discussed.
In Chapter 4, the AC electricity demand used in the optimization of the hybrid
system is modeled. An overview of the main energy sectors in the United States is first
given and then considered for the description of a very representative and accurate
electricity demand which covers a wide spectrum of those sectors.
Chapter 5 begins with a discussion of the complexities encountered in developing a
suitable optimization method for this work. The inputs and outputs used in the method
are then described, followed by an example showing how the program HOMER works.
6

Finally, a detailed description of the optimization method developed for this thesis is
given, breaking out the method into three different stages.
The results of the optimization process are given in Chapter 6, sorted accordingly
to show the dependencies between different input parameters. The optimum system size
is thoroughly analyzed by keeping constant one of the three input parameters at a time,
and a discussion based on the results of this analysis in then provided. An estimate of the
net present value of the optimum system is provided and discussed at the end of this
chapter.
In Chapter 7, conclusions are drawn from the results of the optimization analysis
carried out throughout the entire thesis.
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2.

AVAILABILITY OF ENERGY RESOURCES
In order to evaluate the performance of the energy generation components of the

hybrid system, it is necessary to determine the availability of the resources. Recall that
for the system considered in this thesis, the energy generation components are three:
photovoltaic panels, wind turbines and a diesel generator.
The energy resources that will be studied in this section are the intensity of the
solar radiation, the intensity of the wind speed and the price of the diesel fuel. Notice that
sun and wind are renewable resources and thus, their price is not a concern. However,
their intensity is not constant with time and therefore needs to be further studied. On the
other hand, the diesel fuel is not a renewable source of energy and has to be purchased;
thus its price over the entire lifetime of the project will be studied.

2.1.

THE SOLAR RESOURCE
In the design of renewable energy systems comprising solar PV panels, a key

factor that would justify their usage in the installation is the amount of solar energy from
the sun available at that particular site. For this purpose, two terms need to be introduced:
irradiance and insolation.
Irradiance is the power density from the sun at some site, usually expressed in
photovoltaics in W/m2. Because power is the rate at which energy is transformed, the
term irradiance refers to an instantaneous quantity [4].
Insolation (also known as irradiation) is the incident energy density from the sun
at some site, usually given in photovoltaics in kWh/m2. Since this is not an instantaneous
quantity, it is convenient to express it over a time frame. Because the intensity of sunlight
at a certain location changes significantly over the 24 hours of the day whereas the
variation is very small between consecutive days, the chosen time frame is normally one
day. Thus, insolation is most of the times expressed in kWh/m2/day.
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Noticing that irradiance has units of power and insolation has units of energy, and
that power is energy integrated over time, the following relationship can be found:
 





    

In order to calculate insolation incident on the PV panels, it is first necessary to
determine the amount of irradiance from the sun that reaches the earth’s surface. Sunlight
gets reflected back and /or absorbed in the atmosphere due to two main effects. The first
one is the scattering by molecules, particles and aerosols present in the atmosphere; and
the second one is the absorption by atmospheric gases such as CO2, O2, O3 or water
vapor. Therefore, the sun’s irradiance outside the earth’s atmosphere needs to be
determined, and then corrected by subtracting the portion of it reflected back and/or
absorbed in the atmosphere.
To calculate the amount of irradiance outside the earth’s atmosphere the spectral
power density of sunlight outside the earth’s atmosphere has to be obtained. This is done
by using SMARTS [5], a free software developed by NREL, using the Gueymard 2004
method [6] (Fig. 2.1).
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Figure 2.1

Spectral power density of sunlight outside the atmosphere. Plot obtained with the
software SMARTS provided by NREL using the Gueymard 2004 method.
10

Integrating the spectral power density over the wavelength gives the solar
irradiance perceived outside the earth’s atmosphere. This value is usually referred as the
Solar Constant (SC) and has a commonly accepted value [7] of,




However, the amount of radiation that reaches the top of the earth’s atmosphere is usually
smaller than this value. The reason is that the solar rays reach the top of the atmosphere
with a different angle depending on the time of the year. To account for this deviation,
the zenith angle is used, which is the angle between an outward normal from the earth
and the sun rays. When the solar constant is corrected by the zenith angle, the
extraterrestrial horizontal radiation is (I0) obtained. Therefore, this term represents the
radiation on a horizontal surface at the top of the earth's atmosphere [kWh/m2/day]. A
method to calculate I0 is given in Duffie and Beckman [8]. In order to apply this method
the latitude of the solar panels needs to be known to calculate the zenith angle.
As mentioned above, the value of the extraterrestrial horizontal radiation may get
attenuated significantly in the atmosphere by the effects of scattering and absorption, thus
reducing the irradiance at the earth’s surface. According to Masters, G.M. [9] “[…] less
than half of the radiation that hits the top of the atmosphere reaches the earth’s surface as
direct beam”. The portion of the extraterrestrial radiation that reaches the earth’s surface
without suffering any scattering and /or absorption by the atmosphere is called direct
beam solar radiation (IB). The rest of the extraterrestrial radiation reaching the earth’s
surface is called diffuse solar radiation (ID). This is the portion of solar radiation whose
direction, and therefore intensity, gets changed by the earth's atmosphere.
Unfortunately, these two components of the solar radiation are difficult to
measure separately. The reason is that the diffuse solar radiation reaches the solar panels
from all parts of the sky, whereas the direct beam solar radiation only comes from a
direction aligned with the sun’s path. For practical purposes, it is easier to measure the
incident global irradiation on a horizontal surface (IG), which is the sum of the direct
beam and diffuse solar radiation values,
!

" # $
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(2.2)

and then use the Erbs correlation [10]. This correlation gives the diffuse solar radiation as
follows,
$
!
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where KT is the clearness index, which is the fraction of the solar extraterrestrial radiation
striking the top of the atmosphere that reaches the earth’s surface,
67

89
8:

(2.4)

The global irradiation on a horizontal surface (IG) is the main source of energy
that solar PV panels use to generate electricity. The last component of irradiation is called
reflected solar radiation (IR). This portion of irradiation shall be accounted for especially
when the PV panels are to be installed in the surroundings of highly reflective materials,
such as metals, water or snow. In this case, the fraction of global irradiation on a
horizontal surface that gets reflected from the ground to the solar panels should be
specified. The factor that accounts for this effect is called ground reflectance or
albedo (ρ). Its value ranges between 0.8 for fresh snow and 0.1 for bituminous-and-gravel
roof, with a typical value of 0.2 for grass-covered areas [9]. Once this factor is defined,
the reflected solar radiation can be calculated from,
;

<!

(2.5)

Therefore, the total amount of irradiation striking a solar PV panel (IT) is the sum
of these three components,
IT = IB + ID + IR

(2.6)

Considering these three effects together, IT commonly takes a maximum value
around 1000 W/m2. This value is sometimes referred to as 1-sun, and is used as the
standard for rating the performance of photovoltaic panels. The total insolation at a
certain site can then be calculated with Eq. 2.1, giving an average annual insolation value
in the United States between 4.5 and 6.5 kWh/m2/day [2] (Appendix A).
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The method shown above is used by HOMER to evaluate the availability of the
solar resource at a given location. Other popular methods exist such as the method
developed by the American Society of Heating, Refrigerating and Air-Conditioning
Engineers [11]. Additionally, there exist databases created by a number of organizations
providing values of the global solar radiation on a horizontal surface for different
locations on the earth. For the present work, the “NASA Surface meteorology and Solar
Energy Data Set” [12] was used to estimate monthly insolation values for several
location in the United States.

2.2.

THE WIND RESOURCE
The performance of wind turbines is characterized by their ability to convert the

kinetic energy in the wind first into rotating mechanical energy in a shaft and ultimately
into electric energy in a generator (Fig. 2.2).

Figure 2.2

Diagram representing the types of energy conversions which take place in a wind
turbine.

Thus, a limiting factor to determine whether it is feasible or not to use wind turbines in a
project is the speed of the wind at the location of that particular project. This is especially
important since the power in the wind varies with the cube of the wind speed (Eq. 2.7).
=>
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where Pw is the power in the wind (W), < is the density of the air (kg/m3), A is the crosssectional area of the wind turbine (m2) and v is the component of the wind speed normal
to A (m/s)
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Another important factor to consider when selecting a suitable site to install wind
turbines is the nature of the wind. Excessive air turbulences may introduce undesired
vibrations in the mechanical components of the wind turbine, thus reducing significantly
its lifetime. Furthermore, wind turbines typically operate in wind speed ranges around 4
and 25 m/s, reaching their peak power between approximately 10 and 25 m/s. This
implies that it would be highly desirable to have winds blowing most of the time at
10-25 m/s so the potential of installing wind turbines is maximized.
But due to the random nature of the wind, this is sometimes hard to achieve and a
thorough wind analysis should be carried out before taking the decision to install wind
turbines. The wind speed distribution has a very random behavior along the 24 hours of
the day and also between consecutive days. On the other hand, the wind speed variation
is not so significant in a monthly basis. Although the average wind speed tends to be
slightly higher in the winter than in the summer, the deviation with respect to the average
yearly wind speed is very small. In a daily basis this deviation cannot be ignored. The
reason is that there may be some times of the day in which the wind either does not blow
at all or it blows very fast.
Therefore the hourly and daily wind speed distributions need to be studied in
detail whereas the monthly wind speed distribution will be considered to be constant in
the present work.

Hourly and Daily Variability of Wind Speeds
Several statistical methods have been developed to predict the wind speed
distribution over the 24-hours of the day for the 365 days of a year. The most widely used
is called the Weibull distribution, which represents the probability density function of the
wind speed over the 24-hours of the day [9] [13]:
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where f(v) is the probability density function of the wind speed, k

is called the

Weibull/shape parameter, c is the scale parameter and v is the wind speed (m/s). Even
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though the values of k and c are chosen to fit a given set of wind data points (i.e. using n
anemometer), an initial estimation can be done as follows. The value of k is closely
related to the variability of wind speeds with respect to the average value. Setting the
scale parameter to c = 7, and varying the shape parameter k gives an idea of what its
range should be (Fig. 2.3).
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Figure 2.3

Probability density function of a Weibull distribution for different values of the
shape parameter, k .

A fairly accurate value of the shape parameter that fits most experimental wind
speed distributions would be close to k = 2. This approximation was done by using the
measured data from the 239 weather stations in the United States [14].
The value of the scale parameter c can be calculated as follows if the daily
average wind speed vavg is known. The average of a probability density function (known
as the expectation of the design variable) can be found from,
LM
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where f(x) is the probability density function of the variable x. Thus, substituting the
Weibull density function given in Eq. 2.8 into Eq. 2.9 allows for the calculation of the
average daily wind speed,
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Therefore, the scale parameter can be calculated for k = 2 as,
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A plot of different wind speed distributions is given in Fig. 2.4 for several values of the
average wind speed,
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Figure 2.4

Probability density function of a Weibull distribution with k = 2 for different
values of the average wind speed, vavg

In order to fit a Weibull distribution to measured wind data, HOMER uses the
maximum likelihood method [15]. To apply this method, the Weibull parameter (k) needs
to be defined, as well as the following parameters:

16

Autocorrelation factor (r1): factor that accounts for the dependence of the wind speed
strength in one hour with respect to the previous hours. It is highly dependent on the
topography, ranging from 0.70 in areas for very complex topographies to 0.97 to open air
areas.
Diurnal pattern strength (δ): factor that accounts for the dependence of the wind speed
strength with the time of day. The value ranges from 0.4 in areas where this dependence
is high to 0.05 when the dependence is very small.
Hour of peak wind speed (Ф): represents the windiest hour of the day, on average. Based
on the data of the 239 weather stations in the TMY3 data set [14], the value of this factor
was estimated to be between 12 and 14.

Monthly Variability of Wind Speeds
The maximum likelihood method is a good estimate of the hourly wind speed
distribution over the 8,760 hours of the year. To apply this method it is required to define
the four parameters described above as well as the average monthly values of the wind
speed.
Due to the random nature of wind speed and its importance in determining the
feasibility of using wind turbines in an energy system, the commonly used method of
evaluating the yearly availability of winds is collecting wind data with on-site weather
stations. These weather stations are installed at the expected location of the wind farm
and measure, among others, the speed, direction, temperature and humidity of the wind in
one or a few minute’s intervals to be further analyzed.
The measuring equipment is installed on top of a tower at a height matching the height of
the wind turbines hub. In the present work, the monthly average values of wind speed
obtained with the “NASA Surface meteorology and Solar Energy Data Set” database
were used. An example of what a typical monthly average wind speed distribution looks
like in Fig. 2.5 shown below.
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Figure 2.5

A typical distribution of the average monthly values of wind speed for a given
location.

The wind speed data provided in this database is given at a height of 50 m over
the ground level, and was later corrected to account for the effect of ground roughness
and different hub heights. For this purpose, the following equation was used,
@
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where v0 (m/s) and H0 (m) are the reference windspeed and height, v (m/s) and H (m)
are the target wind speed and height, and z (m) is the roughness length coefficient
provided in [9] and given in Table 2.1.

Table 2.1

Roughness length values for different terrain types
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2.3.

THE DIESEL RESOURCE
Fuel generators are usually installed in off-grid energy systems as a back-up

source of energy when the energy supply from the renewable sources fails to satisfy all
the electric demand. The installation is typically provided of batteries as the main energy
storage system, which delivers the remaining energy to the loads when solar PV panels,
wind turbines and other renewable energy components are insufficient to cover the
electric demand.
But the cost of batteries is quite high, and sizing the battery bank to be able to
cover all the peaks in electric demand is cost-prohibitive and thus, fuel generators turn
out to be a good alternative for these situations. The most widely used of all fuel
generators are the diesel generators. Some reasons are the high availability of the diesel
fuel, the reduced size and the high effectiveness as compared to other generators using
fuel such as natural gas or biomass.
One of the biggest issues with diesel generators is that they do not use a
renewable source of energy and consequently they release some contamination into the
environment and require the diesel fuel to be purchased. Therefore, in order to
economically justify the usage of diesel generators in energy systems, the diesel price
needs to be somehow predicted for the entire life cycle of the system.
The difficulty in forecasting the diesel price lies in its dependency with several
factors such as the political stability and relationship with the oil producers, the world
economic situation, the oil’s availability in the existing reservoirs, the discovery of new
reservoirs and environmental reasons among others.
Based on these factors, the U.S. Energy Information Administration [16] provides
a prediction of the diesel price in the United States for the next 25 years (Fig. 2.6) which
coincides with the project lifetime considered in the present work.
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Figure 2.6

Diesel fuel price predictions by the U.S. Energy Information Administration
(EIA) for the next 25 years.

Using the information given in the above figure, the predicted annual average
value of the diesel price was calculated to be $1/liter. This result was used in the
economic description of the diesel fuel resource to assess the performance of the diesel
generator installed in the hybrid energy system studied in this thesis.

2.4.

PARAMETERS USED IN THE CALCULATIONS
In order to obtain satisfactory results in the optimization of the hybrid system, the

availability of the energy resources needs to be described accurately. The parameters
used in the calculation of the solar, wind and diesel resources are given below.

The solar resource
To describe the solar resource, three parameters need to be determined: the
latitude in which the solar panels are to be installed (L), the global insolation on a
horizontal surface (IG) and the ground reflectance or albedo (ρ).
The data in the “NASA Surface meteorology and Solar Energy Data Set” [12]
will be used to estimate the values of the global insolation on a horizontal surface. These
insolation values range between 4.5 and 6.5 kWh/m2/day in the United States, as it can be
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seen in Appendix A [2]. For the calculations in this work, this range was divided in
0.5 kWh/m2/day increments.
The location of the hybrid system will be characterized by its average annual
insolation and wind speed values, and not by its latitude. The latitude of the hybrid
system will be assumed to be the average latitude of the United States (Table 2.2). This
simplification is necessary in order to reduce the number of calculations. The validity of
this assumption is justified by considering the range of latitudes in which the United
States is located. Since the United States is located within 10 degrees north and south of
the average latitude of the country, and a 10 degrees deviation with respect to the average
implies small variations in the results, this assumption can be made.

Table 2.2

Latitude

38 North

Longitude

98 West

Time zone

GMT - 06:00

Average geographical parameters of the United States

The average latitude is used to compute the extraterrestrial horizontal
radiation (I0) employing the method described in Duffie and Beckman [9]. Using this
value and the value of the global insolation on a horizontal surface in Eq. 2.4, the
clearness index can be calculated. With this value of the clearness index, the diffuse and
direct beam solar radiation can be found combining Eq. 2.2 and 2.3.
The global insolation on a horizontal surface (ρ) is needed to define the reflected
solar radiation according to Eq. 2.5. This value was chosen to be ρ = 0.2 for representing
a typical value used for grass-covered areas.

21

The wind resource
The behavior of wind is quite random and more unpredictable than the solar
radiation. Thus, the description of the wind resource requires the determination of a
larger number of parameters than the solar resource. These parameters can be organized
in three groups: parameters required to describe the hourly wind speed distribution,
average monthly wind speed values and topographical parameters.
The maximum likelihood method [15] is used to predict the hourly wind speed
distribution. To apply this method, four parameters need to be determined: the Weibull
parameter, the autocorrelation factor, the diurnal pattern strength and the hour of peak
wind speed. The average value of these parameters in the United States, shown in
Table 2.3, was obtained from the 239 weather stations in the TMY3 data set [14], shown
in Table 2.3.

Table 2.3

Weibull parameter

2

Autocorrelation factor

0.85

Diurnal pattern strength

0.25

Hour of peak wind speed

15

Parameters used in the calculation of the hourly distribution of the wind speed.

Using the data in the “NASA Surface meteorology and Solar Energy Data Set”
[12], the average value of the annual wind speed distribution was predicted. These wind
speed values range between 4.0 and 8.0 m/s in the United States, as it can be seen in
Appendix A [2]. For the calculations in this work, this range was divided in 1 m/s
increments.
The wind speed data in this data base was obtained at a height of 50 m above
ground level. This value is used in Eq. 2.12 as the reference point at which wind speed
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was measured. Also, the hybrid system will be assumed to be installed on a grass-covered
area, for which the roughness length has a value close to z = 0.01 m.

The diesel resource
For the description of the diesel resource only one parameter needs to be
determined: the diesel fuel price. This parameter was estimated to have an average value
of $1/liter over the entire 25-year lifetime of the hybrid system.
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3.

COMPONENTS OF THE HYBRID RENEWABLE SYSTEM
In this chapter, the main components of the hybrid renewable energy system are

explained. In order to understand the role of these components in the system, their
operating principle needs to be explained, defining the main parameters used to evaluate
their performance.
Since the end goal of this work is to optimize this system, a method to maximize
the performance of each of the components is also provided.

3.1.

SOLAR PHOTOVOLTAIC (PV) PANELS
A solar PV panel/module is a device that converts sunlight into electricity using

the photovoltaic effect. The photovoltaic effect is a physical phenomenon discovered in
1839 by Becquerel [17] in which free electrons within the matter are emitted when they
absorb electromagnetic radiation.
The photovoltaic effect is observed in semiconductor materials; that is, a material
that behaves as an insulator at low temperatures, but that conducts electricity when
energy is applied [7]. The most widely used semiconductor material in the manufacturing
of solar cells is silicon due to its high abundance in the Earth’s crust (26 % in
weight, [18]). Other semiconductor materials such as gallium, germanium or arsenide
represent different alternatives for solar cells. The type of semiconductor material used in
PV panels leads to the different solar cell technologies, the most dominant of which being
the crystalline silicone cell technology, holding about 90 percent of the solar cell
demand [19]. Because of this, the description of PV panels provided in this section will
be referred to silicon-based solar cells.
The photovoltaic effect can be described by the band gap model in terms of the
energy levels of the electrons within the material (Fig. 3.1). Silicon is a tetravalent
material; that is, its outer orbit contains four valence electrons. The energy level in which
the valence electrons are present is called the valence band, and the next allowable
energy level in which electrons are free to move within the atomic lattice is called the
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conduction band. The gap between the valence band and the conduction band is called
the forbidden band, and the energy that an electron must acquire to migrate across the
forbidden band is called the band-gap energy (Eg). For silicon, this value is around
1.12 eV and this is the amount of energy that the incoming photons from the sun must
transmit to a silicon electron for it to jump into the conduction band.

Figure 3.1

The band gap model used to describe the photovoltaic effect.

At normal temperatures the conductivity of silicon is very low, but it can be
significantly increased by adding small quantities of other materials [7], usually boron
and phosphorus. The process of introducing contaminant atoms into another material is
called doping. By doping each side of the crystal with very small amounts of contaminant
atoms, two regions are formed within the same material with different electron
concentration. This originates an electric field in the junction of the two dissimilar
regions, which is commonly referred to as the depletion region.
When sunlight is present, the electrons in the valence band receive energy to be
placed in the conduction band. The electrons in the region of the material with higher
electron concentration are ‘pushed’ by the electric field, drifting into the other region of
the material. The drifted electron leaves an empty space, called a hole, in its original
position. However, the energy state of the drifted electron in the neighbor region is highly
unstable and thus it tends to bounce back to its original position. If an electric circuit is
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attached to both regions of the material, these drifted electrons can be collected creating a
voltage that can be used to deliver current to a load.
A solar module typically has 36 or 72 cells connected in series, although
sometimes 72-cell modules are wired in two strings of 36 cells each. By connecting the
cells in series, the output voltage of the module increases by a number of times of cells
wired in series, whereas connecting the cells forming parallel strings increases the output
current proportionally to the number of strings. The equivalent electric circuit of a single
real cell is shown in Fig. 3.2, which leads to the following equation applying the
Kirchhoff’s Law,
I = I SC − I d − I p

(3.1)

Figure 3.2

Electrical circuit of a single real cell including parallel and series resistances.

where

I is the current across the cell,
Isc is the short-circuit current. This is the maximum current that a solar
cell can generate (when the terminals are shorted together).
Ip is the current drop due to the losses in the bulk of the material, which
can be represented as a parallel resistance,

Ip =
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Vp
Rp

=

V + IRs
Rp

(3.2)

Id

is the current across the cell junction, which behaves as a diode and
can be characterized by the Shockley diode equation (at 25 ºC) as:
I d = I 0 (e 38.9Vd − 1) = I 0 (e

38.9 (V + IRs )

− 1)

(3.3)

with I0 being the dark saturation current (I0 ≈ 10-10 – 10-12 A/cm2) which
is a measure of the electrons-holes recombination rate in the junction.

Thus, combining Eq. 3.1 through Eq. 3.3 yields the characteristic equation of a
solar cell,
I = I SC − I 0 (e

38.9 (V + IRs )

− 1) −

V + IRs
Rp

(3.4)

A theoretical model, called the ideal solar cell model, is used in photovoltaics to
assess the performance of real cells by comparing them to the ideal case. In the ideal
case, no parallel or series resistances are considered. The parallel resistance depends on
the quality of the manufacturing process of the cell and the series resistance depends on
the electrical connection losses in the wires. The upper efficiency limit of an ideal
silicon-based solar cell was calculated in 1960 by Shockley and Queisser [20] to be 30%.
Fig 3.3 shows the I-V curve obtained from Eq. 3.4 for different values of the series and
the parallel resistance.
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Figure 3.3.

Effect on the I-V curve of changing either the series resistance (Rs) or the parallel
resistance (Rp). Plot obtained for I0 = 10-10A/cm2 and ISC = 0.045 A/cm2.

As mentioned before, solar cells are wired in a series – parallel configuration
forming a solar module so as to obtain the desired output current and voltage. The
maximum power that a module can generate is determined by the maximum product of
current – voltage pairs that the module can generate (points along the I-V curve),
Pmax = maxi (Ii x Vi)

(3.5)

The point at which this maximum occurs is called the Maximum Power Point
(MPP), and for optimization purposes it is highly desirable to have all the loads of the
system operating at this point. This is shown in Fig. 3.4 for a module consisting of
36-cells connected in series.
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Figure 3.4

Module I-V curve, Maximum Power Point (MPP) and Load curve for maximum
power output.

Solar panels are typically rated by their efficiency to convert the power available
in the sun, Psun [W], into usable power, P [W]. The power available in the sun is
determined by the product of the available irradiance at a particular and the area of the
solar panel,
Psun [W] = Irradiance [W/m2] x Area[m2]

Thus, the efficiency of solar panels is determined by,
Z[\]^

3.2.
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(3.6)

WIND TURBINES
A wind turbine converts the kinetic energy of a mass of air into rotational

mechanical energy in a shaft, which in turn drives a generator that converts this rotation
into electricity. When air flows past the wind turbine blades, a surface force is exerted on
them, causing them to rotate. The design of the blades should be such that maximizes lift,
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which is the component of this force perpendicular to the air flow direction, to produce a
higher torque. This torque is transmitted to the shaft thanks to the hub, a conical piece
which connects the blades to the shaft and holds (in the case of big turbines) all the
hydraulic components to spin the blades to maximize lift. Finally, the low-speed, hightorque rotation in the shaft is converted by means of a gear box into high-speed and lowtorque rotation in another shaft in order to generate electricity in the generator. A diagram
of the main components of a horizontal axis wind turbine, HAWT, is given in Fig. 3.5.

(a)
Figure 3.5

(b)

The main parts of a horizontal axis wind turbine (a) and a closer look-up to the
mechanical elements inside the nacelle (b).

To evaluate the aerodynamic performance of HAWT, it is necessary to calculate
the maximum power available in a mass of air, which is proportional to the cube of the
wind speed by,
P=

1
ρSv 3
2

(3.7)

where ρ is the density of air [kg/m3], S is the cross-sectional area of the wind turbine
rotor [m2] and v is the component of the wind speed normal to S [m/s]. Considering an air
density of 1.25 kg/m3 and a rotor diameter of 10 m, the power in the wind was graphed to
show its dependency with the wind speed (Fig. 3.7).
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Figure 3.6

Available power in the wind for a 10 m rotor diameter wind turbine and an air
density of 1.25 kg/m3.

It should be noted that the density of air is not constant since gas properties are
susceptible to other parameters such as pressure or temperature. A close approximation to
the air density for different temperatures can be done if air is considered to behave as an
ideal gas and the air pressure is assumed to be constant and equal to 1 atm. Under these
conditions the air density can be approximated with equation 3.8.
ρ=

353 .05
T (K )

(3.8)

The most well-known measure of the performance of a wind turbine is the power
coefficient (Cp) developed by the German physicist Albert Betz [21]. In summary, the
Betz’s law is a theoretical proof for the maximum power in the wind that can be extracted
from a wind turbine. By drawing a control volume of undisturbed air upwind and
downwind of the wind turbine (Fig. 3.7), it is possible to calculate this theoretical limit as
the ratio of maximum power extracted by the rotor to the power available in the wind.
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Cp =

Figure 3.7

Pextracted_ rotor

(3.9)

Pavailable_ wind

Control volume used in the calculation of the Betz limit in a wind turbine.

The maximum power extracted by the rotor, Pextracted_rotor, is given by the
difference in time change in kinetic energy between the upwind and downwind flows,
Pextracted _ rotor =

(

1
m& v12 − v22
2

)

(3.10)

where v1 and v2 are the wind speeds upwind and downwind of the wind turbine,
respectively (m/s), m& is the mass flow rate through the control volume (kg/s) and S is the
rotor area (m2).
Eq. 3.7 provides an expression for the power available in the wind, Pavailable_wind.
Combining equations 3.7, 3.9 and 3.10, the power coefficient of a HAWT can be
expressed as,

Cp =

Pextracted _ rotor
Pavailable _ wind

1
m& (v12 − v 22 )
=2
1
ρSv13
2

(3.11)

Applying conservation of mass to this control volume, the mass flow rate can be
calculated as,
v +v 
m& = ρSvavg = ρS  1 2 
 2 
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(3.12)

Substituting Eq. 3.12 into Eq. 3.11 gives an expression of the power coefficient of a
HAWT in terms of the upwind and downwind wind speeds,
1  v1 + v2  2
2
ρS 
(v1 − v2 )
2  2 
Cp =
1
ρSv13
2

(3.13)

Since the wind speed from the upwind side of the wind turbine cannot be changed, the
only design parameter in the system is the wind speed downwind the rotor. Thus,
calculating the derivative of the power coefficient (Eq. 3.13) with respect to v2 gives,
dCp
v
= 0 ⇒ v2 = 1
3
dv2

(3.14)

Most modern horizontal axis wind turbines include a control system that constantly
checks the incoming wind speed and rotates the blades such that Eq. 3.14 is satisfied at
all times. Other smaller wind turbines which lack of this control system include blades
with profiles designed to reach this relationship at high wind speeds.
Combining equations 3.13 and 3.14 gives the maximum power coefficient,

(Cp)max = 59.3%

(3.15)

This means that the maximum power that a wind turbine can extract from the wind is
59.3 percent. However, real wind turbines under optimal operating conditions can reach
values around 50 percent.
In practice, the best way to maximize the efficiency of wind turbines is to install
them in the highest tower as possible, increase the area swept by the rotor, place the
turbines in areas free of turbulences (i.e. away from buildings, mountains and rough
terrains) and with good wind conditions, and leave enough separation between near wind
turbines. Most times this is a complex task, and wind farms are designed using simulation
programs specifically developed for this purpose. Some examples of these programs are
WAsP, WindPro, WindFarm and OpenWind.
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3.3.

DIESEL GENERATOR
For an off-grid energy system, a good alternative for covering peaks in the electric

demand, and therefore to serve as a back-up source of energy, is the use of fuel
generators. The most widely used fuel generators operate with fossil fuels such as
gasoline, diesel or natural gas, although other models exist for biogas or hydrogen fuels.
Due to the high availability of diesel fuel and the wide range in rated power models, the
type of generator that was used in this thesis is a diesel generator.
A diesel generator is a power generating set consisting of a diesel engine coupled
with an electrical synchronous generator (alternator), although models with asynchronous
generators also exist. The chemical energy in the diesel fuel is released in the engine and
converted into rotational mechanical energy in a shaft which is then transformed into
usable electric energy in the alternator.
Diesel generators are available in AC and DC versions. Since the load modeled in
this work is a general AC load, an AC generator will be considered for the calculations of
the optimal size of the renewable energy system. Under certain circumstances, the AC
diesel generator will be used to charge the batteries, in which case a rectifier should be
used to convert the AC current into DC current. However, most AC diesel generators
include a built-in rectifier for this purpose or they can be mounted by the manufacturer in
the worst-case scenario. Other systems and features that mid- to large-size diesel
generators usually include are a frequency control system, a voltage regulator, electronic
engine controls and fuel controllers to continuously adapt to the current electric demand
of the loads.
When selecting a diesel generator, it is important to know which will be its main
role in the energy system. In some applications, the diesel generator(s) are the main
source of energy of the system whereas in other applications, such as systems including
other sources of energy, hospitals or on construction sites, they are mainly used for
support. For this reasons, manufacturers usually specify in the generators spec sheet their
power range ratings:
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-

Standby Rating (in kW or KVA): Applicable to emergency generators used as a
back-source of energy. Under these rating conditions, no electric demand is
sustained for long periods of time.

-

Prime Rating (in kW or KVA): Applicable to generators used as the main source
of power in the system. This is the maximum power available for an unlimited
number of hours.

For the present work, the standby rating will be used since the diesel generator will serve
as a secondary/support source of energy for the solar PV panels and the wind turbines.
Unlike solar insolation or wind speed, diesel fuel is not a renewable source of
energy and the cost of operating diesel generators should be accounted for throughout the
entire project lifetime. Moreover, as it can be seen in Fig. 2.7, the price of diesel fuel does
not remain constant with time thus introducing an additional complexity to the
calculation of the net present cost (NPC) of the system. A typical fuel consumption curve
of a diesel generation is shown in Fig. 3.8.

Figure 3.8

Fuel consumption curve of the diesel generator modeled in this thesis.

The fuel consumption equation of a diesel generator is a usually given in the following
form [22],

gP]\

 h =i #  h =ajb
35

(3.16)

where gP]\ is the fuel consumption [l/h], IC is the intercept coefficient which is the noload fuel consumption divided by the rated capacity [l/h/kW], PN is the nominal/rated

power of the generator [kW], S is the slope of the marginal fuel consumption which is the
slope of the fuel consumption curve [l/h/kW], and Pout is the actual output power of the
generator [kW].
The efficiency of the diesel generator represents the amount of electric energy
which is achieved with each liter of diesel fuel. It can be calculated by dividing the output
electric power of the generator (Pout) by the power in the diesel fuel used by the
generator (Pin),

=ajb
=c\

ZP]\

where the power in the diesel fuel, =c\ , is the product of fuel consumption rate g [l/s] by

the chemical energy stored in the fuel, usually called the Internal Heat Capacity,
IHC [kWh/l]. Therefore, the efficiency of the fuel generator takes the form,
ZP]\

=ajb
A
gP]\ Xkj]^

The efficiency of a fuel generator can be derived from the fuel consumption curve and
the internal heat capacity of the fuel by combining Eq. 3.16 and 3.17.,

η gen =

1


P
IHC S + N IC 
Pout



A typical efficiency curve of a diesel generator is showed in Fig. 3.9.
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(3.18)

\
Figure 3.9

Efficiency curve of the diesel generator modeled in this thesis.

This plot shows why is it highly desirable to have the diesel generators working over
70% of their nominal power.

3.4.

BATTERIES
Under favorable meteorological conditions, hybrid renewable systems are usually

able to produce more energy than that demanded by the loads and thus it would be very
desirable to have a method to store the surplus energy for the case when the conditions
are not favorable. Several technologies exist for this purpose such as flywheels, water
tanks or compressed air, but without any question lead-acid (Pb-acid) batteries are the
most commonly used in stand-alone systems.
Lead-acid batteries are chosen for renewable energy systems because of their high
reliability, little maintenance, easy installation and their ability to provide electricity
directly, without involving any intermediate steps. There are several types of lead-acid
batteries depending on the needed applications, but the most appropriate for hybrid
systems are the deep-cycle, lead-acid batteries. These batteries can be discharged up to
80%, although their lifetime will suffer significantly.
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The lifetime of a battery is usually expressed in number of cycles (Ncycles) versus
Depth-of-Discharge (DOD). The number of cycles represents how many times a battery
may be discharged and recharged before it will no longer take a full charge, and the
Depth-of-Discharge is just the percentage that a battery has discharged from its maximum
charge. Therefore, the maximum DOD of a lead-acid battery is somewhere around 80%.
To show the negative effect of a high DOD on the life expectancy of batteries, a plot of
Ncycles vs. DOD was provided in Fig. 3.10, which was created using the following
equation [22],
N cycles,i = CFi

DODi
100

(3.19)

where CFi are the Cycles to Failure for a given Depth-of-Discharge, DODi (%). These
two parameters are typically provided by the battery manufacturer in a tabular form.

Figure 3.10

Lifetime curve. Effect of the Depth-of-Discharge on a deep-cycle, lead-acid
battery lifetime.

There exist several models theoretical that describe the charge and discharge
processes of batteries, some of them quite simple since they only use a few parameters of
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the battery, and others more complex and difficult to implement, which require a detailed
description of the batteries and sometimes certain experimental calculations. The
simulation program used in the present work, called HOMER, uses the Kinetic Battery
Model which was model in 1993 by Manwell and McGowan [23]. This model represents
each battery as two tanks of energy. One tank provides immediately available energy
while the energy in the second one (bound energy) cannot be supplied immediately and
can only be discharged at a limited rate. In order for HOMER to perform the calculations,
the values of the battery capacity for different discharge currents should be provided.
This information is usually provided by the battery manufacturer, and can be seen in
Fig. 3.11.

Figure 3.11

3.5.

Battery capacity curve for a typical deep-cycle, lead-acid battery

INVERTER
The inverter is a signal conditioning device which converts AC voltage into DC.

They are frequently used in hybrid energy systems to convert the DC voltage generated
by photovoltaic panels, batteries and some types of wind turbines and generators into AC
when part or all of the loads are in AC. This is the case of the present study, in which the
39

electricity generated in DC by the PV array, the wind turbines and stored in the battery
bank needs to be transformed into AC before it can be used by the AC loads (Fig. 1.1).
The working principle of an inverter is quite simple. The DC input voltage is sent
to two or more power switching transistors which are connected to a small transformer.
By switching these transistors on and off very rapidly, the DC signal seems to alternate
resembling to an AC signal. Then this alternating DC signal is passed through the
transformer which raises the voltage to the desired output, usually 120 or 240 VAC.
Depending on the complexity of the inverter, the quality of the output signal may vary
from a square wave to a true sine wave.
The most important parameter to determine the performance of an inverter is its
efficiency. The efficiency of an inverter is a measure of how well it converts the DC
voltage into AC,

η inv =

PAC
PDC

(3.20)

The most efficient inverters in the market are the true sine wave inverters, which
are designed to output a very realistic sinusoidal AC signal. These inverters have
efficiencies around 85 – 95 %, with a world record of 99.03 % claimed by the Fraunhofer
Institute for Solar Energy Systems ISE [24].

3.6.

PARAMETERS USED IN THE CALCULATIONS
The description of the components of the hybrid system needs to be provided to

ensure accurate results in the calculations. The physical properties of solar photovoltaic
panels, wind turbines, diesel generators, batteries and inverters are described below. The
economic description of these components can be found in Appendix B [19].
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Solar Photovoltaic Panels
The following information was obtained by averaging parameters from a large
number of silicon-based photovoltaic panels manufacturers ranging from 225 – 275 W.
The solar panels modeled in this work will have a rated power of 250 W, which is a very
typical value of most panels found in the market. Table 3.1 shows a summary of the
parameters used in this work.
Some panels include a built-in inverter such that their output is in AC. However,
this is not the common case since most of the PV panels output is in DC. This last option
was selected for the panels used in the calculations.
The lifetime of PV panels is usually between 20 and 30 years. Thus, it is a good
approximation to select a value of 25 years for their lifetime.
The rated power of the PV panel does not accurately represent the real output
power that is delivered to the loads.

The reason is that the real-world operating

conditions differ from the conditions under which the PV panel was rated. Factors such
as soiling of panels, shading, wiring losses or aging influence in the decrease of the
output power. The PV derating factor is used to account for these losses. In the absence
of data, a default value of 0.9 is commonly used as an estimate of the PV derating
factor [25]. This is the value used in this thesis.
Tracking systems are sometimes used to maximize the amount of incident
insolation on the solar panels. They track the direction of the sun’s rays at all times and
orient the PV panels according to that. However, these systems are expensive and thus
they will not be considered for the PV array in this work. The most popular approach is to
tilt the panels an angle equal to the latitude of the PV array. With this tilt angle the sun’s
rays strike perpendicular to the panels face at noon during the equinoxes (March 21 and
September 21). At other times of the year the sun’s rays would be slightly high or low
from the normal incidence. However, this angle would still represent a good angle on an
average [9]. Therefore, a tilt angle equal to the average latitude of the United States will
be used as the slope of the PV panels.
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Depending on the particular application, solar panels may be oriented facing east
or west of south. For example, for applications which require having most of their energy
early in the morning, panels can be mounted facing westward to start collecting energy
during the sunrise. The most common case is when the application has its peak energy
demand a few hours before or after noon, for which the PV panels need to be oriented
facing south. This is the option selected for the present work. The azimuth is defined as
the angle towards which the solar panels face. Therefore, the azimuth will be selected to
be zero degrees.

Table 3.1

Parameters used in the description of the PV panels

Rated power

250 W

Output current

DC

Lifetime

25 years

Derating factor

90 %

Slope

38°

Azimuth

0° (facing South)

Tracking system

No

Wind Turbines
The model of wind turbine used in this work is a Southwest Whisper 500 [26],
rated at 3 kW. It was desired to select a wind turbine in the order of a few kilowatts in
order to provide the system with flexibility. In other words, since the loads modeled in
the hybrid system are in the range of 10 – 100 kW, a larger turbine in the order of tens of
kW or more would not draw significant conclusions; by using a smaller turbine the
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amount of wind energy required to optimize the system would be described more
accurately. The technical specifications of the Southwest Whisper 500 wind turbine
modeled in this thesis are given in Table 3.2.

Table 3.2

Technical specification of the Southwest Whisper 500 wind turbine

Rated power

3 kW

Output current

DC

Lifetime

25 years

Hub height

21.34 m

Among the small wind turbines available in the market, the Southwest Whisper
500 was chosen for two reasons. The first reason is its low ratio of installed cost per
kilowatt produced. While the selected wind turbine can be installed at a cost of $2.5/W,
most other wind turbines have installation costs between 2.75 and 3.00 $/W.
The second reason is its availability to pick winds as low as 3.5 m/s. This feature is
particularly important since the lowest annual average wind speed modeled in this work
is 4 m/s. Thus, wind speeds below this value are expected and the wind turbine should be
capable of collecting them. The power curve of the Southwest Whisper 500 is given in
Fig. 3.12.
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Figure 3.12

Power curve of the Southwest Whisper 500 wind turbine

Diesel Generator
The performance of a fuel generator is defined by its efficiency. It can be derived
from Eq. 3.18 from the knowledge of the internal heat capacity of the diesel fuel, the
rated capacity of the generator and the slope and intercept coefficient from the fuel
consumption curve (Fig. 3.8).
The internal heat capacity of diesel fuel is 43.2 MJ/kg [27]. Since the load was
modeled in the range of 10 – 100 kW, the diesel generators was selected to have a rated
capacity between 0 and 100 kW to ensure covering the entire electricity demand.
By using the fuel consumption curve of a large number of 10 – 100 kW diesel
generators in the market, the values of the slope and intercept coefficient were estimated.
A plot of the slope versus the rated power of the diesel generator is given in Fig. 3.13, in
which the data has been fitted to a logarithmic curve. The equation displayed in this
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figure was used to estimate the slope coefficient of the diesel generators in the present
work.

Figure 3.13

Slope curve of the diesel generator

Similarly, the intercept coefficient is plotted versus the rated power of the diesel
generator in Fig. 3.14. In this case the data was found to follow a linear trend, which was
used to estimate the intercept coefficient of the diesel generators in the calculations.
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Figure 3.14

Intercept coefficient curve of the diesel generator

Batteries
A lead-acid battery will be used as the storage system for the hybrid system.
Among the advantages of this type of batteries are their high reliability, little maintenance
and easy installation.
Reliability is one of the most important characteristics of batteries which are to be
installed in stand-alone systems. Thus, it is a good practice to select batteries from one of
the top brands in the market. For this reason a Trojan L16P battery [28] was selected for
this project, which was especially designed for stand-alone renewable energy systems at a
cheap price.
The performance of batteries is determined by their lifetime and capacity curves.
These curves for the Trojan L16P were obtained from the manufacturer’s web page [28],
and are given in Fig. 3.10 and Fig. 3.11, respectively. A summary of the most important
parameters required to define this battery in HOMER is given in Table 3.3.
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Table 3.3

Parameters of the Trojan L16P battery used in this work

Nominal voltage

6V

Nominal capacity

360 Ah (at 20 hr. rate)

Life expectancy

5 – 10 years

Maximum DOD

80 % (assuming 300 cycles)

Inverter
As discussed in section 3.5, there are several types of inverters depending on the
quality of the AC signal produced. A true sine wave type inverter will be modeled in this
work for having the higher efficiency.
Since an AC generator will be used as a backup source of energy, the inverter
should be able to operate simultaneously with it. Inverters that are not able to operate this
way are sometimes called switched inverters.
Most inverters in the market have efficiencies between 0.85 and 0.95, and a
lifetime between 10 and 20 years. Thus, a reasonable value for the inverter modeled in
this work would be 0.90 and a lifetime of 15 years. The parameters used in the
calculations are shown in Table 3.4.

Table 3.4

Parameters of the true sine wave inverter

Efficiency

0.90

Lifetime

15 years

Simultaneous operation with AC generator

Yes
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4. DESCRIPTION OF THE ELECTRIC DEMAND
In order to evaluate the performance of the proposed PV/wind/diesel/batteries
energy system, it is necessary to model an electric demand which needs to be satisfied
during the entire 25 years lifetime project.
According to the U.S. Energy Information Administration [29], the energy
consumption in the United States can be divided into four big groups: residential,
commercial, industrial and transportation. Most of the energy in the transportation group
comes from petroleum (94.5 %) whereas only a small portion of it comes from renewable
sources (biomass, 3 %).Besides, it is hard to think of applications in the transportation
sector that would fit into the off-grid energy system developed in this thesis. For this
reason, the electric demand modeled for the calculations will not be taken into account
the data from the transportation sector. Therefore, based on the Annual Energy Review
2008, the energy consumption in the other three sectors is distributed as follows
(Fig. 4.1).

Figure 4.1.

Energy consumption by sectors in the United States. Transportation sector
not included

For the sake of this work, it would be very interesting to model an electric
demand that fits into most part of these three categories. Therefore, some assumptions
need to be made:
1) An off-grid system would most likely not be beneficial for large industries, in the
order of several hundreds of kW’s peak power, since the weight of the grid
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connection costs in the overall system costs decreases as the system size
increases.
2) The electric demand of individual households is quite variable and thus is hard to
find a model that fits for all of them. But a group of households forming a small
community, in the order of several kW’s peak power, has an electric demand
profile similar to another community since the differences tend to even out as the
community size increases.
Therefore, based on these assumptions, an hourly electric demand would be modeled to
fit most applications in the commercial sector (building offices, stores and small
businesses), small industry and residential communities. As previously discussed, the
range of peak power considered would range from several kW’s to tenths of kW’s. For
practical purposes, this range was chosen to be 10 – 100 kW in the present study.
To better understand these numbers consider the average monthly values of
electricity consumption in California (Annual Energy Review 2008) in the three sectors
mentioned above:
-

Residential  Energy consumption = 587 kWh/month = 19.57 kWh/day/person.

-

Commercial  Energy consumption = 5,765 kWh/month = 192.17 kWh/day.

-

Industrial  Energy consumption = 54,996 kWh/month = 1833.2 kWh/day.

The hourly load profile will be described as in Fig. 4.2 so it matches with the
electricity demand of building offices, stores, small businesses and industry and certain
small – size communities. For the weekdays, the demand increases quite fast during the
first hours of the day (6 – 9 A.M.) because that is when business and stores typically start
to operate, reaches the peak power during the working hours (between 9 A.M. and
5 P.M.) and then decreases progressively until it stays in a value of electricity demand
needed to maintain the primary systems of the installation. During the weekends, the
demand is assumed to be flat and equal to the minimum reached during the weekdays
because no activity is regarded during the weekends.
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Hourly electric demand modeled in this work for weekdays (a) and weekends (b).

The load profile in Fig. 4.2 has a peak power of 50 kW and an average energy daily
consumption of 627 kWh/day. Comparing this value to the average energy consumption
in California gives an approximate idea of the capabilities of this system (Table 4.1).

Table 4.1

Evaluation of the energy supply capacity for the described 50 kW peak demand
load profile in the United States with the same total consumption of
627 kWh/day.

Actual energy consumption

System capability

Residential

19.57 kWh/day/person

32 people

Commercial

192.17 kWh/day

3 – 4 businesses

Industrial

1833.2 kWh/day

1/3 industry

The AC load profile described herein will be used to model the electricity needs of
a hybrid PV/wind/diesel generator/batteries system. Since it is desired to evaluate the
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optimum size of this system over a variety of energy demands, the load profile will be
scaled proportionally to account for this factor. More specifically, the load profile in
Fig. 4.2 will be scaled such that the peak electricity demand is 10, 20, 50 and 100 kW.
This will allow studying size scalability factors of the system with varying electricity
demands. In practical terms, it will help in the prediction of the optimum system size for
different electricity demands other than those studied in this work.
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5.

THE OPTIMIZATION METHOD
The optimization of an off-grid hybrid power system involves finding the number

and size of components that would produce the lowest net present cost over the entire
lifetime of the system (typically between 20 and 30 years) while satisfying an specific
electric demand at all times.
However, there are several factors that may make this optimization process very
complex and time-consuming. Some of these factors are the increased number of
components, as compared with systems consisting only of solar PV panels or wind
turbines; the variability of the renewable resources with time; the difficulty in predicting
the diesel fuel price over the project lifetime; the need for modeling the electric demand
in hourly increments for a better approximation; the change of installation and O&M
costs with the system size.; the interdependency of components in the overall
performance and the large number of parameters that need to be defined.
Due to these factors, the optimal system size was found using HOMER (Hybrid
Optimization Model for Electric Renewables), a software developed by the National
Renewable Energy Laboratory, NREL. Homer’s computational engine is based on an
enumerative method that simulates all possible combinations of the hybrid system for
every hour of the year and provides the lowest life-cycle cost for those configurations that
meet the required loads.
As previously discussed in chapter 1, the hybrid system shown in Fig. 1.1 was
optimized. This system may include an array of photovoltaic panels, wind turbines, a
diesel generator, a bank of lead-acid batteries and an inverter.
The goal is to optimize this system for several values of solar insolation and wind
speed within the United States and for different values of the peak electric demand when
the hourly profile follows the pattern described in section 4 of this work. This will allow
studying how the optimal size of this system develops with changing insolation, wind
speed or electric demand.
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The values used in the simulations are given below:
-

Solar insolation  4.5 – 6.5 kWh/m2/day, in 0.5 kWh/m2/day increments.

-

Wind speed  4.0 – 8.0 m/s, in 1 m/s increments.

-

Peak electric demand  10, 20, 50 and 100 kW.

Therefore the number of simulations that need to be performed can be calculated by the
product of all possible system configurations:
Nr. Simulations = (# of insolation values) x (# of wind speed values) x (# of peak demand
values) = 5 x 5 x 4 = 100
For each of these simulations the flow diagram shown in Fig. 5.1 was used. This process
can be broken down into three stages:
-

Data entry and initial simulation.

-

Initial system refinement and evaluation of preliminary results.

-

Iteration of subsequent system refinements and generation of the final solution.

Figure 5.1

Simulation flow diagram used to compute the optimum size of the hybrid
renewable system
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1st Stage: Data entry and initial simulation
In this initial stage of the simulations, the data of the average monthly renewable
resources values and peak electricity demand was inputted. After the simulation of this
system configuration is completed, its optimum size would be achieved which represents
the number of solar PV panels, wind turbines, batteries, diesel generator size and required
inverter capacity needed to minimize the net present cost of the entire 25 years lifetime of
this system. The average values of insolation and wind speed are quite dependant on the
latitude and longitude of the system location which, for practical purposes, can be found
from the “NASA Surface meteorology and Solar Energy Data Set [12]
To perform the simulations, a general monthly insolation distribution was created
for the United States using the information in the above data base considering different
regions in the country. The reasoning under this generalization is that due to the short
range of latitude and longitude considered, the monthly distribution geometry of the
insolation would not change considerably within the United States. This monthly
distribution was then scaled proportionally to the annual insolation values considered in
this work (4.5 – 6.5 kWh/m2/day, in 0.5 kWh/m2/day increments).

Figure 5.2

Average annual insolation distribution considered in this thesis.
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As regards the wind speed distribution, it is quite changeable throughout an entire
day and also between consecutive days, although it does not change much in a monthly
scale. The parameters required to describe the daily variability of wind speed are
provided in section 2.4 whereas the monthly wind speed distribution will be considered to
be constant.

Figure 5.3

Average annual wind speed distribution considered in this thesis.

Next, it is necessary to input the technical specifications of the solar panels, wind
turbines, diesel generators, batteries and inverters, as well as their installation,
replacement and O&M costs. The technical specifications and parameters required for the
simulation in HOMER are given in section 3.6, and the economic description is provided
in Appendix B.
At this point, HOMER has all the needed parameters to perform the simulations
and an estimate size of the system has to be inputted (this represents the initial solution in
the algorithm). Since the optimal size is initially unknown, a range for the possible initial
solutions needs to be given.
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x = ( x1 + x2 + x3 + x4 + x5 )
where x1 is the size of the PV array (kW), x2 is the number of wind turbines, x3 is the size
of the diesel generator (kW), x4 is the number of batteries and x5 is the inverter size (kW).
Also, each of these variables can be modeled as an n x 1 array, with each of the elements
in the array representing a possible size for that variable. For example, the array,
0 
10 
x1 =  
30
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represents four different PV array sizes, in kW, that HOMER will simulate. This
approach can be done for each of the five variables defined in the program, although
increasing the size of these arrays will translate into higher simulation times (the
simulation time of each feasible system configuration typically takes around 10 seconds).
Therefore, it is more efficient to work with smaller arrays, run the program with these
values to obtain an approximation of the optimal system size and refine the search for
subsequent simulations using these results.
Since the optimal size of the system is initially unknown, in this stage of the
optimization method is recommended to use relatively large arrays (around 8 to 10
elements per array) trying to cover a wide spectrum of possible solutions. For example,
for the PV array size, if the peak electric demand is 50 kW then a good initial solution
would be,
x1 = [0, 10, 20, 30, 40, 50, 60, 70, 80, 90]

kW of the PV array

A similar approximation may be done for the remaining four variables of the system.

2nd Stage: Initial system refinement and evaluation of preliminary results
After the first simulation is completed, an initial but not very accurate
approximation of the optimal system size is obtained. This solution might look like:
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x1 = [0, 10, 20, 30, 40, 50, 60, 70, 80, 90]

kW of the PV array

x2 = [0, 5, 10, 15, 20, 25, 30, 35]

number of wind turbines

x3 = [0, 50]

kW rated power of generator

x4 = [8, 16, 24, 32, 40, 48, 56, 64, 72, 80]

number of batteries

x5 = [40, 43, 46, 49,52, 55, 58, 61, 64]

kW of inverter capacity

where the optimum solution is represented in bold. For this initial simulation, HOMER
determined the feasibility of all possible system configurations, which in the case shown
above is,
Nr. of configurations = (10 PV array sizes) x (8 wind turbine sizes) x (2 diesel generator
sizes) x (10 batteries) x (9 inverter sizes) = 14,400
But not all of these system configurations are feasible. If for example only 1% of
these simulations represents feasible configurations and, as previously mentioned, each
feasible solution takes about 10 seconds of running time, then the total time to perform
this initial simulation would be around 24 minutes. Once all the feasible solutions are
found, the net present cost of all of them is calculated over the project’s lifecycle, which
for this work it was assumed to be 25 years.
By analyzing the above results, a new but more refined solution set can be found
by delimiting the possible array of solutions to the closer neighbors at both sides of the
optimum solution of the considered array.
x1 = [20, 22, 24, 26, 28, 30]

kW of the PV array

x2 = [10, 12, 14, 16, 18, 20]

number of wind turbines

x3 = [0, 50]

kW rated power of generator

x4 = [48, 50, 52, 54, 56, 58, 60, 62, 64 ]

number of batteries

x5 = [49, 51, 53, 55]

kW of inverter capacity
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A similar analysis can be done for this simulation. As expected, the number of
configurations is reduced to,
Nr. of configurations = (6 PV array sizes) x (6 wind turbine sizes) x (2 diesel generator
sizes) x (9 batteries) x (4 inverter sizes) = 2,592
Now assume that the percentage of feasible configurations increased, say to 4%. Then,
the running time is 17 minutes.
This system configuration is not the optimal, but it is very close to it since we
reduced the range considerably. The new NPC is calculated and observed to be smaller
than the previous one, which is a good sign that the simulations are being carried out
successfully. At this point, it would be a good idea to update the PV array installation
costs, since they depend on the size of the PV array, before moving on to next stage of
the simulations.
3rd Stage: Iteration of subsequent system refinements and generation of the final solution.
In this final stage, the system is refined iteratively in the same manner than in the
previous stage until the final solution is found. Because we are very close to the
optimum, for each of these iterations the PV array installation costs need to be updated or
otherwise some precision will be lost.
The final solution is achieved when the range in each of the arrays cannot be further
reduced. Even though technically some variables (like the PV array size) could be refined
to a different order of magnitude, a precision of one unit will be regarded as good enough
for the sake of this work.
The final solution might look like,
x1 = [26, 27, 28, 29 30]

kW of the PV array

x2 = [12, 13, 14, 15, 16]

number of wind turbines

x3 = [0, 50]

kW rated power of generator

x4 = [45, 46, 47, 48, 49, 50]

number of batteries

x5 = [49, 50, 51, 52, 53]

kW of inverter capacity
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The number of configurations is then,
Nr. of configurations = (5 PV array sizes) x (5 wind turbine sizes) x (2 diesel generator
sizes) x (6 batteries) x (5 inverter sizes) = 1,500
for a running time of 10 minutes

The method proposed in this section will be applied iteratively until the optimum
results for each of the system combinations are obtained. The time consumed for each
combination can be drastically reduced if the results from previous simulations are
considered before setting up the arrays for each component’s size. In most of the cases, a
small change in one variable, such as the wind speed or the insolation values, would
produce small variations in the optimum system size. Thus, the results from the previous
simulation would typically be a good starting point to set up the arrays. This approach
was followed in the present work, resulting in a great amount of time saved.
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6.

GENERATION AND ANALYSIS OF RESULTS
The optimization method described in Ch. 5 was applied to obtain the optimum

size and lifetime cost of the system for the given values of insolation, wind speed values,
and different electric demands (Fig. 6.1).

Figure 6.1

Diagram of the optimization technique followed in the generation of results.

After each simulation is completed, HOMER displays a window of the optimum system
configuration for the given input parameters and a summary of other important economic
and performance results (Fig. 6.2).

Figure 6.2

The results window displayed in HOMER after each simulation.

In the example shown in Fig. 6.2, the two possible system configurations to satisfy the
electric demand are given in two separate rows. However, the optimal configuration
(lower net present value, NPV) is given in the top row and will consist of zero PV panels,
31 wind turbines, a 50 kW diesel generator, 94 batteries and a 55 kW converter. Three
other economic results are given along with the NPV: the initial cost of the system, the
annual operating cost and the cost of electricity (COE). The last four columns represent
the fraction of renewable energy used, the annual volume of diesel fuel that needs to be
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purchased, the hours per year the diesel generator should work and the calculated battery
lifetime. The last row represents another feasible system configuration including a 1 kW
array of PV panels.

6.1.

SYSTEM SIZE DEPENDENCE ON THE INSOLATION INTENSITY
Due to the large amount of results generated, and since the analysis pertaining to a

given peak electricity demand also applies to the other electricity demands, only part of it
will be shown and discussed in this section. The results for the remaining peak electricity
demands were observed to have a similar behavior and are given in Appendix C.
To analyze the dependence of the optimal system size with the insolation
intensity, the results for the 50 kW peak electricity demand, which lies in the midpoint of
the considered range, are given in Table 6.1 below.

Table 6.1

Optimization results for the 50 kW peak demand system. Results sorted by
insolation values for each wind speed.
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To facilitate the visualization of this dependence, the results are shorted in increasing
order of insolation intensity for each value of wind speed between 4 and 8 m/s.
As one can easily expect, the size of the PV array for a fixed wind speed increases
with increasing insolation. A plot of this dependency is shown in Fig. 6.3. Notice that the
curves in this plot do not exhibit a perfectly linear trend because of the highly nonlinear
nature of the system. Nonlinearities arise mainly from the random variability of the
resources and the performance of the renewable components of the system. As seen in
Ch. 2, the amount of both insolation and wind speed is highly variable throughout a year.
Thus, it is impossible to find linear models to accurately describe the renewable
resources. Additionally, the power produced by the components of the hybrid system
does not exhibit a linear trend with the amount of resources received. This can be
observed in the I-V curve of a solar panel, Fig. 3.4, or in the power curve of the wind
turbine, Fig. 3.12. These two effects combined cause a lack of proportionality between
the five cases seen in Fig. 6.3.

Figure 6.3

PV array size versus insolation intensity for different wind speeds and for a
50 kW peak electricity demand.
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More importantly is to analyze how the PV array size increases with increasing
wind speed. When stronger winds are available, the importance of solar panels is
shadowed by the wind turbines (Fig. 6.4). By studying Fig. 6.3 and Fig. 6.4 together it is
clear that when weak winds of 4 m/s are present, the weight of the PV array in the system
is very significant as compared to the importance of wind turbines, whereas in strong
winds environments (7 – 8 m/s) wind turbines are the predominant renewable energy
component. In these cases, only when the insolation reaches a relatively high value then
the solar panels start to be considered in the optimum system.

Figure 6.4

Number of wind turbines versus insolation values for different wind speeds and
for a 50 kW peak electricity demand.

A special attention should be paid to the 4 m/s case in Fig. 6.4 since it does not
seem to follow the trend of the other four curves. The reason is that the wind turbine
selected for this work has a cut-in wind speed of 3.5 m/s and it will not start working
below this wind speed value. The technical specifications of the wind turbine used in this
work were given in Section 3.6. If the average wind speed is 4 m/s, only a small portion
of the energy in the wind will be converted into electricity in the wind turbine, and not in
a very effective manner. Increasing the average wind speed to 5 m/s and above enables
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the wind turbine to work more efficiently and collect a bigger portion of the wind energy,
thus making the use of wind turbines a good alternative.
Over the limiting wind speed value of 4 m/s, the optimum system includes a larger
number of wind turbines as shown in Fig. 6.4. Two different trends are observed in the
range of 5-8 m/s: first, under low insolation values between 4.5 and 5.5 kWh/m2/day the
contribution of wind turbines decreases as wind speed increases. Second, between 5.5
and 6.5 kWh/m2/day the importance of wind turbines becomes higher with increasing
wind speed. These two behaviors are explained by looking at the power curve of the wind
turbine modeled in this work, Fig. 3.12. Under higher wind speeds, the wind turbine is
capable of generating more energy than with weaker wind speeds. Thus, although at low
insolation values the number of wind turbines is smaller with higher wind speeds, these
turbines generate a larger amount of energy. The actual amount of energy generated by
the wind turbines for each case will be studied in section 6.4 in this chapter. In other
words, as wind speed increases, a smaller number of wind turbines is required to produce
a bigger amount of energy. As the insolation increases, the contribution of PV panels in
the system becomes more important, as seen in Fig. 6.3. This explains the decaying trend
of the number of wind turbines as the insolation increases.
A final result is obtained by analyzing the system size in the presence of very high
(or very low) solar radiation and wind speed. When very strong winds and very high
insolation are present at a particular location, it is more likely that the optimum system
will consist of mostly wind turbines. This result can be extracted by analyzing the 8 m/s
curve with 6.5 kWh/m2/day together in Fig. 6.3 and Fig. 6.4. The reverse result is also
true: when low insolation values and low wind speeds are available, the system will have
a higher proportion of solar panels than wind turbines. Therefore, solar panels seem to be
a better alternative for renewable systems installed at locations with very poor solar and
wind resources, whereas wind turbines are the best solution for locations having high
values of insolation and wind speed.
From the results in Table 6.1 it is difficult to analyze the role of the diesel
generator in the overall system. The calculated optimum size of the generator, which
ranges between 30 and 50 kW, does not provide enough information on its annual energy
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production. The reason is that the time the generator is being operated should be
accounted for in the calculation of the annual energy production. An extensive analysis of
this fact will be carried out in section 6.4, where the annual energy production of each
component is studied.
By looking simultaneously at the optimum generator and inverter size, an estimate of the
generator usage can be obtained. The optimum inverter size shown in Table 6.1 is given
in kW of DC power. Recall that the electricity demand has a peak in AC of 50 kW and
the inverter was assumed to be 90 % efficient. Thus, in order to satisfy this demand
exclusively with the DC components, according to Eq. 3.19 the inverter size should be,
PDC = PAC / ηinv = (50 kW) x 0.9 ≈ 55 kW
This means that the systems in Table 6.1 with an inverter rated at 55 kW make an
optimum usage of the renewable resources and the batteries. In this case, the diesel
generator is being used only as a backup energy source. On the other hand, there are a
few cases with an optimum inverter size less than 55 kW, for which an opposite
reasoning can be applied. If a smaller inverter is required then a smaller portion of the
energy is delivered by the DC components. In fact, this only happens when the insolation
and wind speed values take very small values. Under these conditions solar panels and
wind turbines do not work efficiently. Thus, a larger portion of the energy should come in
AC from the diesel generator to meet the electricity demand explaining why a smaller
inverter is needed.
Finally, from the results given in Table 6.1 it is observed that the number of
batteries increases as the average wind speed increases or the insolation intensity
decreases, although the latter case is not so clear (Fig. 6.5).
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Figure 6.5

Number of batteries versus wind speed for different insolation values and for a
50 kW peak electricity demand.

The availability of stronger winds at a particular location translates into having a
more reliable source of energy and thus, the dependence on the diesel generator becomes
smaller. Therefore, more energy is generated with the wind turbines and less with the
generator, so this larger amount of energy needs to be stored in more batteries. The
dependence of the number of batteries with the insolation is not so clear, although a slight
reduction of the number of batteries is observed when the insolation intensity increases.
Unlike the wind speed distribution which does not show great fluctuations throughout an
entire day, the distribution of solar radiation experiences abrupt changes between the day
and the night. Hence, in the case of low insolation values, the diesel generator gains more
weight in the overall system which can be used to supply energy, charge the batteries or
both.
The optimum size of the diesel generator shown in Table 6.1 only provides
information about the maximum amount of electricity that it will eventually need to
generate. Most importantly is to study when the generator will be used as either a backup
source of energy or as one of the main energy generation components of the system. For
this analysis, the amount of energy produced by the generator needs to be studied
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together with the optimum inverter size. The size of the inverter is a very good indicator
of the generator usage in the system. When small inverters are required in the system,
little energy is generated in DC and, thus, most of the energy is produced by the AC
diesel generator. The reverse result is also true: large inverters means little energy
produced by the AC generator and more by PV panels and wind turbines. This analysis
will be carried out extensively in section 6.4 of this chapter
6.2.

SYSTEM SIZE DEPENDENCE ON THE WIND SPEED INTENSITY
The next step is to study the effect of the wind speed over the optimal system size

keeping the insolation values fixed. By using again the results from the 50 kW peak
electricity demand case, the previous results will be validated as well as new others
obtained. The results for the remaining peak electricity demands were observed to have a
similar behavior and are given in Appendix C.
Table 6.2 shows the same results than in Table 6.1 but re-arranged to show the
dependence of the 50 kW peak demand system size with the considered wind speed range
for every (fixed) value of solar radiation.

Table 6.2

Optimization results for the 50 kW peak demand system. Results shorted by wind
speed values for each insolation intensity value.
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Looking separately at each of the five sets of insolation – wind speed values it is
very noticeable that, as the average wind speed value increases, so does the number of
wind turbines whereas the size of the PV array decreases. Since more wind energy
becomes available to the system, it turns out to be more efficient to generate the
electricity with wind turbines and, therefore, less solar panels are required.
This result is shown graphically in Fig. 6.6 and Fig. 6.7, where the influence of the wind
speed is graphed versus the PV array size and the number of wind turbines, respectively.
The negative slope in each of the five curves in Fig. 6.6 represents that as the wind speed
increases, the PV array size decreases.

Figure 6.6

PV array size versus wind speed for different insolation values and for a 50 kW
peak electricity demand.

As mentioned above, an increase in the wind speed (for a fixed insolation value)
results in an increased number of wind turbines. By studying Fig. 6.6 and Fig. 6.7
together, one can draw important conclusions about how the optimum system size
changes with varying insolation. Since PV panels do not perform well under low
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insolation values, the size of the PV array is expected to be small. Thus, the energy needs
to be supplied by a larger number of wind turbines. This effect is very apparent in the 4.5
and 5.0 kWh/m2/day cases shown in both figures. On the other side, high insolation
values translate into a larger amount of energy collected by the PV panels, explaining
why a larger PV array is required in the optimum system, as seen in Fig. 6.6 for high
insolation values. Since more energy is supplied by the PV panels, less wind turbines are
needed (Fig. 6.7).
Furthermore, when Fig 6.4 was discussed the number of wind turbines was found
to be very small in the presence of low wind speeds. This result can be corroborated
when looking at the curves in Fig. 6.7 in the range of 4 – 5 m/s, where the wind turbines
selected for this study do not seem to work efficiently under 3.5 m/s winds.

Figure 6.7

Number of wind turbines versus wind speed for different insolation values and
for a 50 kW peak electricity demand.

In this case, the results of the optimum inverter size provide much more useful
information on the generator usage. It helps to identify the breaking point over which the
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diesel generator is being used only as a backup source of energy. Table 6.2 shows that
when the insolation is below 5.0 kWh/m2/day and the wind speed is below 4 m/s, the
inverter has a rated power below 55 kW. As discussed in section 6.1, this is a sign that
diesel generator is being used as one of the main sources of energy for the system.
However, as seen in Fig. 6.4, with winds below 4 m/s the energy must be supplied
by other components other than the wind turbines. With insolation values below
5.5 kWh/m2/day the optimum system configuration includes solar panels and a diesel
generator as the main sources of energy. Over 5.5 kWh/m2/day, the only component
delivering a large amount of energy to the system is the PV array; in this case the diesel
generator is used as backup and a few wind turbines are included to generate electricity
during occasional wind gusts.

6.3.

SYSTEM SIZE DEPENDENCE ON THE ELECTRICITY DEMAND
So far the analysis has been performed for a fixed peak electricity demand of

50 kW. It would be very interesting to analyze how the system size changes along the
considered range of electricity demands (recall 10 – 100 kW) keeping fixed either the
wind speed or the insolation value.

6.3.1

RESULTS FOR A FIXED WIND SPEED
First, consider the optimization results obtained with HOMER for a 6 m/s wind

speed for different values of peak electricity demand and insolation intensity (Table 6.3).
This wind speed value was chosen as the reference point for lying in the middle point of
the considered range of wind speeds, although the results for other wind speeds share a
similar trend. A table containing the optimization results for different wind speeds can be
found in Appendix C at the end of this work.
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Table 6.3

Optimization results for a 6 m/s fixed wind speed. Results shorted by peak
electricity demand for each insolation intensity value.

A quick look at the results reveals that solar panels are not a good option for
locations with insolation below 5.0 kWh/m2/day. Thereafter, the required size of the PV
array increases almost linearly with increasing peak demand, which can be seen in
Fig. 6.8. This result is very important since this value of insolation represents the limit
under which the use of PV panels is not a feasible option for this system, no matter what
the electricity demand is.

Figure 6.8

PV array size versus peak electricity demand for different insolation values and
for a 6 m/s wind speed location.
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A plot of the number of wind turbines versus the peak electricity demand
(Fig. 6.9) reveals that for an average wind speed of 6 m/s the use of wind turbines is
justified for the entire range of insolation intensity, since solar radiation is not a factor in
the performance of wind turbines. The curves exhibit a linear proportionality, noticing
that for high insolation values the curves are shifted down by a small factor meaning that
part of the energy demand will also be supplied by solar panels since the insolation
intensity reached the breaking point mentioned before over which the solar panels
represent a feasible alternative to the system.

Figure 6.9

Number of wind turbines versus peak electricity demand for different insolation
values and for a 6 m/s wind speed location.

Therefore, below an insolation intensity value of 5.0 kWh/m2/day the energy
demand will be covered mostly by wind turbines and the diesel generator. On the other
hand, when the insolation value is above 5.0 kWh/m2/day then the electricity demand is
covered by a combination of wind turbines, solar panels and a diesel generator.
According to the results in Table 6.3, the inverter size for each system
configuration is optimized such that it will convert the maximum amount of DC power
into AC. In other words, the diesel generator will be used exclusively as a backup source
of energy for the system. The amount of energy produced by the generator for each
73

system configuration can be estimated from the results in Table 6.3. This can be done by
assuming that larger generators are used to produce higher amounts of energy.
Additionally, an accurate study of the amount of annual energy produced by the generator
for each system configuration is given in section 6.4. The plot in Fig. 6.10 shows the
optimum generator size versus the considered electricity demand range for different
insolation values.

Figure 6.10

Generator size versus peak electricity demand for different insolation values and
for a 6 m/s wind speed location.

As it can be seen, for low insolation values below 5.0 kWh/m2/day the size of the
generator is around 20 to 25 percent larger than for high values of insolation. Since PV
panels do not perform well below this insolation value (Fig. 6.8), the energy required to
satisfy the electricity demand should come from somewhere else. Part of this energy will
be produced by the wind turbines, as average wind speeds of 6 m/s were found to be
beneficial for this type of wind turbine. However, there may be periods of winds below
3.5 m/s for which the wind turbines do not produce electricity. In this case, and when the
insolation is over 5.0 kWh/m2/day, both PV panels and the diesel generator provide
insufficient energy left by the turbines. On the other hand, below 5.0 kWh/m2/day no PV
panels are present in the optimum system, so the energy gap should be filled only by the
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diesel generator. This fact explains why the diesel generator should be larger in systems
with small insolation values.
The next step is to analyze the fraction of energy produced by each component for
different peak electricity demands. Even though Fig. 6.8 through Fig. 6.10 gave an
approximate idea to this problem, an extensive study will be performed in Section 6.3.

6.3.2

RESULTS FOR A FIXED INSOLATION INTENSITY
For a 5.5 kWh/m2/day fixed insolation intensity value lying in the middle point of

the considered range, the optimization results are showed in Table 6.4 shorted by peak
electricity demand for each of the five wind speeds considered in this thesis.

Table 6.4

Optimization results for a 5.5 kWh/m2/day fixed insolation value. Results shorted
by peak electricity demand for each wind speed.

The most significant results from this table are the lack of photovoltaic panels in
the optimum system in environments with strong winds over 7 m/s and the small number
of wind turbines for 4 m/s wind speeds. The large number of PV panels in the lack of
strong winds is explained by a need in delivering energy to the loads, and since wind
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turbines do not perform well in small winds then the energy demand needs to be supplied
with more solar panels.
From the previous section it was observed that only when the insolation intensity exceeds
5.0 kWh/m2/day the PV panels gain importance in the optimum system for a wind speed
of 6 m/s. For a slightly higher insolation intensity of 5.5 kWh/m2/day and 6 m/s wind
speed, an increase in the size of the PV array would be expected, as it can be observed in
Fig. 6.11.

Figure 6.11

PV array size versus peak electricity demand for different wind speeds and for a
5.5 kWh/m2/day insolation intensity.

A plot given in Fig. 6.12 of the peak electricity demand versus the size of the
wind turbine park shows that the results for a 50 kW demand (Fig. 6.4) also apply to the
entire range of electricity demands; the wind turbines used in this work do not perform
well under 4 m/s wind speeds, and the electricity demand is covered by solar panels and
the diesel generator which also works as one of the primary sources of energy of the
system.
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Figure 6.12

Number of wind turbines versus peak electricity demand for different insolation
values and for a 6 m/s wind speed.

However, when the wind speed is between 5 m/s and 6 m/s the optimal system
consist of both wind turbines and solar panels, although the ratio of PV panels to wind
turbines is larger for the 5 m/s case since the solar radiation represents a more dominant
energy generating mechanism than the wind speed. Over 7 m/s the system is completely
dominated by the wind turbines. From the results for 7 and 8 m/s in Table 6.4 and the
linear trend of these two systems displayed in Fig. 6.12 it seems clear that a great increase
in the average annual wind speed will not translate into a significant change in the size of
the wind turbine park. This suggests that under these high wind speeds the turbines
appear to be working close to their maximum efficiency and therefore wind energy
represents the dominant energy generation mechanism for this system.

6.4.

ANNUAL ENERGY PRODUCTION BY EACH COMPONENT
In the previous sections of the current chapter, the analysis showed that a different

combination of PV panels, wind turbines and a diesel generator can be used to generate
electricity. As discussed, this combination displays a high dependency on the availability
of renewable resources. The size of the PV array and the wind park gives an approximate
idea about the amount of energy produced by each component. This system also includes
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a backup diesel generator, so its role in the production of energy in the overall system
should be also studied. To better understand how these three components contribute to
the overall system, first the amount of annual energy generated by each of them needs to
be calculated. HOMER does this by simulating the system for each of the 8,760 hours of
the year. The results of this simulation are shown in Table 6.4 for the 50 kW peak
electricity demand system previously studied. A similar analysis can be done for the
remaining peak electricity demands in the considered range. The optimization results for
these other cases were observed to have a similar trend and are given in Appendix C.
Moreover, the knowledge of the amount of annual energy produced by each
component leads to the total annual energy production of the system. Since the annual
energy demand is also known, the battery usage can also be estimated by calculating the
surplus of energy produced which, in turn, is sent to the battery bank.
To understand how HOMER calculates the annual energy produced by each
component, consider the case of the diesel generator. Table 6.2 and Table 6.3 showed the
calculated optimum size of the diesel generator. Notice that the optimum size is between
30 and 50 kW, depending on the availability of insolation and wind speed. The amount of
energy produced by the generator can be calculated from this value and the efficiency
curve of the generator, given in Fig. 3.9. Since the energy from the generator is different
for each of the 8,760 hours of the year, this calculation needs to be performed 8,760 times
and added together to obtain the annual energy production. A similar calculation needs to
be done for the amount of energy produced by the PV array and the wind turbines.
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Table 6.4

Annual energy production of each component for the 50 kW peak demand
system. Results sorted to show their dependency on the availability of renewable
resources.

First, the dependency of the amount of energy produced by each component
versus the available average wind speed needs to be studied. This is shown in Fig. 6.13
for a location having an average insolation of 5.5 kWh/m2/day. The selection of this value
allows the comparison with the results discussed in section 6.2 and section 6.3, in which
the size of the system was analyzed for the same insolation value.
As it can be seen, the energy generated by the wind turbines increases with the
wind speed. In Fig. 6.7 it was observed that in stronger winds more turbines are required
in the optimum system. The reason is that the output power of the wind turbine increases
in the same manner between 4 and 8 m/s according to its power curve (Fig. 3.12).
Therefore, more energy is being generated by each wind turbine and thus, it becomes
beneficial to install more wind turbines in the system. Since more energy is being
produced by the wind turbines, less energy is required from the PV panels. This result
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validates the observations in Fig. 6.6, in which the size of the PV array decreased with
increasing wind speed.

Figure 6.13

Annual energy generation versus availability of wind speed. Results shown for a
50 kW peak demand system under an average insolation of 5.5 kWh/m2/day.

To a bigger or smaller extent, wind is available throughout the entire day. Thus, a larger
number of wind turbines in the system guarantees a higher reliability of the energy
supply. This fact explains the reduction of the amount of energy demanded from the
backup generator as the wind speed increases, shown in Fig. 6.13. To help visualize this
result quantitatively and percentagewise, the bar diagram in Fig. 6.14 can be used.
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Figure 6.14

Quantitative and percentage of annual energy production by component versus
availability of wind. Results shown for a 50 kW peak demand system with an
average insolation of 5.5 kWh/m2/day.

In section 4, the average daily energy consumption of the AC loads was
calculated to be 627 kWh/day, which is equivalent to an annual energy consumption of
approximately 229 MWh/yr in AC. The energy generated by the system in each of the
cases shown above is higher than this value. This means that the surplus of energy
generated, corrected by the inverter’s efficiency, is stored in the batteries for a later use.
For example, in the 4 m/s case shown in Fig. 6.14 the diesel generator produces
128 MWh/yr of energy in AC. If all the energy from the generator is assumed to be
consumed instantaneously at the loads, then the remaining energy, 101 MWh/yr in AC,
needs to be delivered by the PV array and the wind turbines. This is equivalent to
112 MWh/yr in DC since the inverter was modeled with an efficiency of 90%. From
Fig. 6.14 the combined amount of energy generated by solar panels and wind turbines is
138 MWh/yr in DC. Thus, the difference between this value and the amount of energy
demanded from the renewable components represents the energy that is stored in the
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batteries. This value was calculated to be 26 MWh/yr for the 4 m/s case. A plot of the
calculated values for the other wind speeds and insolation values is given in Fig. 6.15.

Figure 6.15

Annual energy stored in the batteries versus wind speed values.

The results in Fig. 6.15 support the previous discussion. As the average wind
speed increases, more energy is generated by the wind turbines and less by the diesel
generator. Consequently, less energy becomes directly available from the generator.
Thus, the wind turbines need to generate most of the energy to satisfy the electricity
demand. Since they generate electricity only when the wind is available, part of the
energy will be used instantaneously at the loads, and a surplus will be generated and
stored in the batteries for when wind is not available.
A similar analysis and discussion can be made by evaluating the results in
Table 6.4 over the range of insolation values. In this case, the average wind speed will be
fixed to a value of 6 m/s in order to allow for the compassion with the results in
section 6.1 and 6.3. A plot of the amount of annual energy generated by each component
of the system is shown in Fig. 6.16 over the considered range of insolation values.
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Figure 6.16

Annual energy generation versus the available insolation. Results shown for a
50 kW peak demand system under an average wind speed of 6 m/s.

It was observed in Fig. 6.3 that the size of the PV array increased with increasing
values of insolation, whereas the number of wind turbines decreased, as shown in
Fig. 6.4. The same trend is experienced in terms of the energy production; the
contribution of solar panels to the system increases and that of the wind turbines
decreases with increasing values of insolation. However, as it was studied in section 6.1,
the energy production from the wind remains higher that that from the sun over the entire
range of insolation values.
An important result from Fig. 6.3 is that the annual energy produced by the diesel
generator remains somewhat constant along the insolation range. This differs from the
previous case (Fig. 6.13) in which the energy from the generator decreased with higher
wind speed values. The reason is that an increase in the energy from the PV array does
not guarantee a higher reliability of the energy supply. Unlike wind turbines, PV panels
work exclusively during the daytime and thus, a backup source of energy is still required.
The quantitatively and percentagewise importance of each component in the system is
given in the bar diagram in Fig. 6.17.
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Figure 6.17

Quantitative and percentage of annual energy production by component versus
availability of insolation. Results shown for a 50 kW peak demand system with
an average wind speed of 6 m/s.

Since the amount of energy produced by the generator remains practically
constant for the whole range of insolation values as seen in Fig. 6.17, so does the amount
of annual energy generated by the renewable components. In other words, the same
amount of annual energy needs to be stored in the battery bank. This has been calculated
using the same method than for the case of a fixed insolation value, and plotted in
Fig. 6.18.
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Figure 6.18

Annual energy stored in the batteries versus insolation values.

The 4 m/s case in this figure follows a different trend since no wind turbines are
present in the system for the same reason discussed in section 6.1. In this case, the
number of PV panels increases as the insolation increases because they become more
efficient. This allows generating an increasing surplus of energy that can be stored in
more batteries, explaining the growth in the 4 m/s curve in Fig. 6.18.
Wind turbines and PV panels represent in most of the cases the main energy
generation components of the system. Thus, the relationship between the amount of
annual energy generated by the PV panels and the wind turbines should be investigated.
Moreover, this relationship is highly dependent on the amount of available resources at a
particular site, as it has been studied in this section. In general, as the wind speed
increases, so does the amount of energy generated by an increasing number of wind
turbines in the system. Thus, less solar panels are needed and the required energy from
the PV array decreases. This relationship is shown in Fig. 6.19.
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Figure 6.19

Relationship between the annual energy generated by wind turbines and solar
panels as a function of the amount of available resources.

The opposite statement is also true: increasing the amount of insolation makes the
PV panels work more efficiently. This translates into a larger portion of the total energy
of the system to be produced by the PV array. Consequently, less energy is demanded
from the wind turbines to meet the electricity demand.

6.5.

SYSTEM SIZE COST & COST OF ELECTRICITY PRODUCED BY THE
SYSTEM
For each combination of peak electricity demand, insolation intensity and wind

speed the optimal system configuration was found. This optimal configuration is
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characterized by a certain number of components of a certain size that minimizes the
lifecycle costs, also known as the net present value (NPV), while being able to satisfy the
given electricity demand.
After each simulation is completed, HOMER provides the best system
configuration together with its NPV. The problem of minimizing the NPV is very
complex because of the large number of variables considered, the variability of the
operating costs with the system usage, the lifetime of each component and the uncertainty
in the availability of the energy resources which in turn affects the performance of the
overall system. Thus, the software does minimize the NPV and instead calculates which
system configurations can meet the given demand and then simulates those systems over
their entire lifetime to calculate the NPV.
For this reason, the calculation of the minimum NPV of a hybrid PV/Wind/Diesel/Battery
system is out of the scope of this work. However, the results provided by HOMER can be
used to get an approximate idea of what the lifecycle costs of this system are and draw
some significant conclusions. These results are given in Table 6.5.

Table 6.5

Relevant costs of the 50 kW peak electricity demand system versus the amount
of available resources.
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By using the data in Table 6.5 and plotting the NPV of each optimum system
configuration over their respective wind speed and insolation values, Fig. 6.20 was
obtained.

Figure 6.20

Net present value dependence on the amount of renewable resources available for
the 50 kW peak electricity demand system.

As it was expected, an increase in either the wind speed or the insolation intensity
translates into lower lifecycle costs because less solar panels and/or wind turbines are
required to satisfy the electricity demand since the can operate more efficiently.
Furthermore, the backup diesel generator is then used for emergency situations only and
not as the main source of energy, thus reducing the amount of diesel fuel that needs to be
purchased.
More interesting is the linear trend that the change in either the wind speed or the
insolation values has on the NPV. By keeping fixed the value of insolation or wind speed,
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an almost perfectly linear relation of the other two variables is observed. For instance,
starting from the topmost point in Fig. 6.20 and moving down the 4 m/s plane, a
reduction of the NPV is seen when the solar insolation increases from 4.5 to
6.5 kWh/m2/day. A similar relation can be observed when keeping fixed the value of
insolation and varying the wind speed.
Systems installed in the surroundings of very low wind speeds and insolations
have the highest lifecycle costs, as shown in Fig. 6.20. However, the effect on the initial
costs is the opposite as it can be seen in Fig. 6.21. As discussed in the previous sections,
most of the systems with a wind speed intensity below 5 m/s and insolation values below
5 kWh/m2/day have a high dependency on the diesel generator. The optimum system was
observed to have a low number of wind turbines and PV panels and, thus, the initial costs
turns out to be very low. The drawback lies in that the diesel generator needs to be run for
more hours per year to satisfy the electricity demand, which translates into higher annual
O&M costs. Over the 25 years lifetime of the system, this fact will produce very high
costs. This is the reason why these systems do not represent a good economical option.

Figure 6.21

Initial costs dependence on the amount of renewable resources available for the
50 kW peak electricity demand system.
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Over the critical values of 5 m/s wind speed and 5 kWh/m2/day insolation, the
initial costs of the system display the expected trend. As either the wind speed or the
insolation increases the initial costs of the system decrease. This is due to an increase in
the efficiency of the solar panels and the wind turbines. In order to satisfy the electricity
demand fewer components are needed and, thus, the initial costs of the installation drops
as shown in Fig. 6.21.
In summary, the size, energy requirements and costs of a PV/wind/diesel
generator/batteries were studied over the entire range of available wind speed and
insolation values in the United States. A general AC load between 10 and 100 kW was
model to assess the performance of each component of the system. The optimization
results obtained with HOMER were studied and analyzed by changing the insolation,
wind speed and/or peak electricity demand in the system. Overall the results were as
expected, although a few deviations were observed and discussed. The analytical method
described herein could be used for other types of energy generation systems and different
electricity demands.
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7.

CONCLUSIONS
In this work the optimum size of a hybrid renewable energy system was

investigated over all the possible values of insolation and wind speed in the United
States. The system under study was comprised of an array of PV panels, a set of wind
turbines, a diesel generator, a bank of lead-acid batteries and an inverter. In order to
analyze the dependency of the system size on the amount of energy demanded by the
loads, an AC electricity demand ranging from 10 to 100 kW was modeled. An iterative
optimization method was developed in HOMER which provided not only the optimum
size of the system, but also valuable information on its initial and lifecycle costs, and the
energy generated by each component.
As expected, an increase in either solar insolation or wind speed caused the
system to become more dependent on the PV array or the wind turbines park,
respectively. A larger amount of solar radiation enables the PV panels to work more
efficiently and, thus, increase their energy output. According to the operating principles
of PV panels, the increase in insolation has an almost linear dependence with the energy
generated by them. In terms of the optimum system size, this translates into a larger PV
array with increasing insolation intensity.
The case of the wind turbines displayed a different behavior, which allowed drawing a
very important result. The availability of stronger winds in the system causes a bigger
portion of the energy to be produced by the wind turbines. However, this is achieved by a
decrease in the number of wind turbines, in contrast to the PV case. Since the power in
the wind grows with the cube of the wind speed, a smaller number of wind turbines can
be used to produce the same or more amount of energy with stronger winds. Thus, less
wind turbines will be present in the optimum system as the wind speed increases.
By analyzing the optimum system configuration under very high or very low
amount of renewable resources, a trend was found for the diesel generator, the batteries
and the inverter. The results for the lowest insolation and wind speed values
(4.5 kWh/m2/day and 4 m/s, respectively) showed that neither the PV panels nor the wind
turbines are capable of producing a great amount of energy. A small inverter size
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revealed that most of the energy was delivered in AC. Since both renewable components
were modeled in DC for this work, a big portion of the energy was delivered by the AC
diesel generator, which works as the main source of energy of the system. The diesel
generator produces electricity only when demanded by the loads. Therefore, when the
generator is being used extensively, very little energy needs to be stored in the batteries
for a later use. This explains the small size of the battery bank in the optimum system.
This limiting case of insolation and wind speed provided another important result.
Under very poor conditions, PV panels are preferred over wind turbines in the optimum
system. Although the efficiency of PV panels increase with increasing values of
insolation, they are still capable of producing some energy. This fact is also true for wind
turbines; as wind speed increases, they can generate more electricity. However, the 4 m/s
wind speed case represents a special case for the wind turbines modeled in this work.
They have a cut-in wind speed of 3.5 m/s and, thus, will not start generating electricity
below this value. The benefit of installing these wind turbines under 4 m/s wind speeds or
below is then very small. Because of this reason, more PV panels than wind turbines are
present in the optimum system, although the diesel generator remains as the main source
of energy for the system, as explained above.
In contrast to the very low insolation and wind speed case, it was found that when a
suitable value of wind speed (around 7 m/s) is reached, the system becomes highly
dependent on the wind turbines. A small amount of PV panels is required to cover
periods of high electricity demand during the daytime, and a diesel generator is used only
as back-up. As wind speed increases, a larger battery bank is needed since a larger
portion of the energy produced by the wind turbines is not consumed instantaneously.
When both the insolation and wind speed values are small, PV panels and wind turbines
do not perform well. In this case, the diesel generator becomes the main source of energy
for the system.
Next, the optimal system size was studied along the considered range of peak
electric demands for two different cases, a fixed wind speed of 6 m/s and a fixed
insolation intensity of 5.5 kWh/m2/day. For the first case, the results revealed a threshold
under which the efficiency of solar panels makes them unsuitable to be used in the
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optimal system. This value was found to be close to 5.0 kWh/m2/day for this particular
case. Under this value of insolation, all the electric demand is fully covered by the wind
turbines and the back-up diesel generator whereas over 5.0 kWh/m2/day solar panels
become efficient as to be considered in the optimal system configuration thus requiring
less wind turbines to satisfy the demand. In the second case, part of the previous results
were corroborated: over the 5.0 kWh/m2/day threshold solar panels take part in the
generation of electricity and wind turbines do not work efficiently under 4 m/s winds for
any of the considered peal electricity demand values.
Finally, using the economic results of the system provided by HOMER, an
estimate of its optimal lifecycle and initial costs was provided. As either the insolation
intensity or the wind speed increases, the usage of the diesel generator decreases
significantly. The biggest portion of the lifecycle costs of the system is due to the diesel
fuel that needs to be purchased to run the generator. Consequently, as either insolation or
wind speed increases, the lifecycle costs decrease as well since a smaller amount of diesel
fuel needs to be purchased. This decrease was observed to follow an almost linear trend
with the values of insolation and wind speed.
The initial costs followed a slightly different trend. In the lack of strong insolation and
wind speed values, just a few PV panels and wind turbines need to be installed, since the
diesel generator will be the main source of energy for the system. Thus, the initial costs
are very small for this case. Once the PV panels and wind turbines become a good
alternative for the optimum system, the initial costs increase significantly since more
renewable components need to be purchased. However, as either insolation or wind speed
keeps increasing, the renewable components work more efficiently. In other words, less
PV panels and wind turbines are required in most of the cases and a smaller diesel
generator needs to be installed. Thus, a decrease in the initial costs was observed as the
amount of renewable resources increased.
In summary, a method to evaluate the optimum size, energy requirements and
costs of a hybrid renewable system was presented in this work. It was found that the
selection of the wind turbines to be installed in the system is more critical than the PV
panels. Wind turbines condition the overall trend of the system, setting the breaking point
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at which the diesel generator is used as either a back-up source of energy or as one of the
main energy components for the system.
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APPENDIX A

U.S. SOLAR AND WIND RESOURCE MAPS
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APPENDIX A
The solar resource

Table A.1.

Monthly and annual average insolation values used in this work, in kWh/m2/day

The wind resource

Table A.2.

Monthly and annual average wind speed values used in this work, in m/s

Figure A.1.

Examples of the insolation and wind speed distributions used in this work
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APPENDIX B

ECONOMIC DESCRIPTION OF THE COMPONENTS
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APPENDIX B
The capital, replacement and operation & maintenance (O&M) costs were defined
in the present work for each component. The capital cost represents the initial price that
should be paid to purchase and install each component. The replacement cost represents
the price of purchasing a new component, assuming that the installation cost will not
need to be covered again. The O&M cost represents the annual money spent in operating
and maintaining the component.

B.1

SOLAR PANELS

Capital Cost ($)

Replacement Cost ($)

O&M Cost

Figure B.1

625

Figure B.2

Figure B.1.

Capital cost dependence on the PV array size.
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Figure B.2.

B.2

B.3

O&M cost dependence on the PV array size.

WIND TURBINES
Capital Cost ($)

Replacement Cost ($)

O&M Cost

9,171

7,654

0

Capital Cost ($)

Replacement Cost ($)

O&M Cost

Figure B.3

Figure B.3

Figure B.4

DIESEL GENERATOR
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Figure B.3.

Capital cost dependence on the size of the diesel generator

Figure B.4.

O&M cost dependence on the size of the diesel generator
105

APPENDIX B

B.4

B.5

BATTERIES
Capital Cost ($)

Replacement Cost ($)

O&M Cost

626

626

10

Capital Cost ($)

Replacement Cost ($)

O&M Cost

Figure B.5

Figure B.5

0

INVERTER

Figure B.5.

Inverter’s capital cost dependence on the peak electricity demand.
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APPENDIX C

OPTIMIZATION RESULTS
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APPENDIX C
•

10 kW Peak Electricity Demand

Figure C.5.

Optimization results of the 10 kW peak electricity demand system.
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•

20 kW Peak Electricity Demand

Figure C.6.

Optimization results of the 20 kW peak electricity demand system.
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•

50 kW Peak Electricity Demand

Figure C.7.

Optimization results of the 50 kW peak electricity demand system..
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•

100 kW Peak Electricity Demand

Figure C.8.

Optimization results of the 100 kW peak electricity demand system.
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